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Biofilms occur when microorganisms attach to surfaces, replicate and secrete dense polymers 
to the extent where the organisms become physically encapsulated. As biofilms often arise 
where there is a high level of diversity of microbial species, there is a high-likelihood that 
biofilms will contain more than one species of microorganism. These mixed-species biofilms 
have been shown to be advantageous to either one or multiple species within these biofilms.  
Pseudomonas aeruginosa and Escherichia coli are two bacteria of interest that are commonly 
involved in infections of humans and are known biofilm-producers that have generated dual-
species biofilms in vitro. In recent years it has been shown that the formation of mixed-
species biofilms of these two bacterial species is beneficial to either one or both bacteria in 
terms of adherence to surfaces, formation of the biofilm matrix, viable cell concentrations 
within mixed-species biofilms and resistance to external threats in the form of synthetic 
antimicrobial agents. The interactions between these two organisms in large part had been 
attributed to secretion of quorum-sensing signals and others molecules produced as a by-
product of metabolic processes. This study investigated how the cell-signalling molecules, 
indole produced by E. coli and n-acyl homoserine lactones, n-butyryl homoserine lactone 
(C4-HSL) and n-3-oxo-dodecanoyl (3-oxo-C12-HSL) produced by P. aeruginosa would 
affect interactions between these organisms within mixed-species biofilms.  
 
Previous work had suggested that cell signally molecules would result in cross species 
effects. The work conducted within this study had found that n-acyl homoserine lactones had 
no discernible effect on E. coli biofilm formation and that indole did not have a strong 
influence over biofilm and production of the metabolic by-product and virulence factor 
pyocyanin, produced by P. aeruginosa PaO1. Pyocyanin however produced within mixed-
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species biofilms was shown to reduce viable wild-type E. coli K-12 to similar concentrations 
to that of an indole-deficient strain. The results within this thesis also found that reducing the 
incubation temperature increased biofilm formation of E. coli. For instance, viable cell 
retention increased from 2.20x 105 cfu at 37ºC to 8.73x107 cfu at 25ºC within 72 hours 
whereas total biofilm production increased from an absorbance reading of 0.22 at 37ºC to an 
absorbance reading of 0.98 at 30ºC within 24 hours. Reductions in pyocyanin in P. 
aeruginosa PaO1 cultures also coincided with reductions in temperature thus reducing the 
temperature from 37ºC to 25ºC reduced pyocyanin concentrations of P. aeruginosa PaO1 
cultures, grown for 72 hours from 149.34 µM to 23.10 µM.       
 
A result of reducing the incubation temperature of mixed-species biofilm cultures, other than 
noticeable reductions in concentrations of pyocyanin, was an increase in E. coli cell recovery. 
For instance, within 72 hours E. coli viable cell recovery increased from 1.9x102 cfu to 2.0 
x105 cfu when the temperature was reduced from 37ºC to 25ºC.  
 
This indicated that E. coli within mixed-species biofilms alongside P. aeruginosa in an 
enclosed system was more likely to survive at lower temperatures than higher temperatures 
ergo are more likely to survive within mixed-species biofilms outside rather than inside of the 
human body with a core temperature of approximately 37ºC. This highlights a potential issue 
where the bacteria contained within these biofilms that have been shown in some instances to 
be more resistant to antimicrobials than single-species biofilms, have a higher likelihood of 
remaining viable for an extended period of time outside of the host reservoir. Increasing the 
duration of viability of E. coli and P. aeruginosa in mixed-species biofilms in areas that are 
prone to containing biofilms and are commonly associated with the presence of human beings 







Chapter 1 -  Introduction and review of the literature  
 
Increasingly microbiology is seeking to understand the interactions of microorganisms and 
their environments. A common trend found in microbial populations is the natural existence 
within enclosed expolymeric matrixes, known as biofilms. As a result of microorganisms 
existing within close proximity of one another, whether within biofilms or otherwise, the 
organisms have evolved to respond to the presence of other organisms through secreted 
molecules. Even though there is a growing body of knowledge about chemical interactions 
within monocultures, interactions within mixed-species biofilms is less understood. This 
project investigated the interaction of two bacterial species of clinical interest, P. aeruginosa 
and E. coli to determine whether the production of small molecules would influence the two 
populations and biofilm production. 
 
1.1- Biofilms  
 
1.1.1. Overview of biofilms 
 
Biofilms arise when microorganisms adhere and attach to a solid surface, surrounded by a 
free-flowing environment. From there, they secrete enough exopolymeric substance (EPS) to 
form a solid matrix. Biofilms generally do not contain a single species/strain but rather are 
composed of a complex community of organisms that survive in the biofilm by finding a 
particular niche that assists in their survival thereby developing commensal or mutualistic 
relationships (Costerton & Moselio 2009). For example, Streptococcus species that colonise 
the mouth will oxidise carbohydrates into organic acids, which are then used by some 
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Veillonella species that are unable to utilise carbohydrates but will ferment organic acids into 
carbon dioxide and other acids (Moons, Michiels & Aertsen 2009). Biofilms not only consist 
of bacteria but also consist of other microorganisms such as yeast i.e. Candida albicans (El-
Azizi, Starks & Khardori 2004). 
 
Biofilms develop through a number of stages. The first stage is initial attachment of microbes 
to a solid surface that is generally reversible, indicating attachment via weak bonds. 
Irreversible attachment occurs soon afterwards where the bacteria will anchor themselves to 
the surface using proteineous adhesins such as curli (Barnhart & Chapman 2006), fimbriae, 
pili or flagella (Hassett et al. 2002; Molin & Tolker-Nielsen 2003). Furthermore, 
lippolysaccharides found on the cell surface have been shown to influence cohesion between 
cells, adhesion to solid surfaces and to increase visoelasticity by maintaining internal cellular 
structures when under sheer stress (Lau et al. 2009). Changes in gene expression lead to 
cellular alterations to ensure that the bacteria remain attached to the surface. For instance, 
upon binding to a surface, sadC within P. aeruginosa controls for biofilm formation through 
stimulating production of cyclic di-GMP that interacts with sadB to reduce flagella reversal, 
which increases rates of irreversible attachment and induces the pelAG locus that is required 
for expolysaccharide production (Caiazza & O'Toole 2004; Merritt et al. 2007). Cyclic di-
GMP also complexes with FleQ, a regulator of flagella gene expression, to reduce flagella-
related motility and reduce inhibition on the pel gene (Hickman & Harwood 2008).  
 
This leads to further cell division whereby the attached organisms assemble into 
microcolonies and secret products as a method of encapsulation and to further strengthen 
attachment (Solano, Echeverz & Lasa 2014). Using P. aeruginosa as an example as it has 
been studied to generate a model of biofilm development, the initial stages of biofilm 
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formation rely on release of extracellular DNA, also known as eDNA to bind the bacteria 
together until enough organisms are present to release other molecules into the environment 
to replace eDNA (Allesen-Holm et al. 2006; Whitchurch et al. 2002). These molecules 
include a multitude of lipids, proteins and exopolsaccharides like alginate, psl and pel 
(Sharma, G et al. 2014). Alginate has been shown to not be imperative to biofilm formation 
within P. aeruginosa however its production frequently arises in clinical isolates to assist in 
resistance to the human immune system and antimicrobial agents (Bjarnsholt et al. 2009; 
Wozniak et al. 2003). Psl and pel are present in non-mucoid P. aeruginosa strains including 
PaO1 and Pa14 (Wozniak et al. 2003). Psl acts to maintain biofilm structure post-attachment 
of P. aeruginosa PaO1, enhancing bacterial attachment to the surface and to other cells (Ma 
et al. 2006) whereas pel maintains biofilm structure and pellicle formation on the air-liquid 
interface of P. aeruginosa Pa14 (Friedman & Kolter 2004). Common features found within 
microcolonies are hollow voids that allow the passing of water and biochemical substances 
throughout the biofilm (Hassett et al. 2002; Molin & Tolker-Nielsen 2003). Productions of 
biosurfactants have been connected to these voids  i.e. loss of rhamnolipid production by P. 
aeruginosa led to changes in microcolony morphology (Pamp & Tolker-Nielsen 2007) 
whereas others found that rhamnolipid production were shown to primarily maintain these 
hollow voids within mature biofilms and also to prevent other planktonic organisms from 
attaching to the biofilm (Davey, Caiazza & O'Toole 2003).    
 
Eventually, once enough of the matrix is secreted and enough cellular interactions stabilise 
the biofilm, it moves into a phase of maturation (Hassett et al. 2002; Molin & Tolker-Nielsen 
2003). An example of this is the mushroom-shaped structures that arise from P. aeruginosa 
biofilms. This occurs as a sub-population of bacteria continue to replicate but remain 
immobile, generating a stalk-like structure. Motile bacteria then utilise type-IV pili to move 
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up the stalk in a process that is referred to as twitching. Once they reach the top of the stalk, 
they proliferate while remaining motile, both inside the biofilm and transitioning into a 
planktonic state only to re-enter the biofilm to increase its biomass. This leads to the 
production of the cap-like structure onto top of the immobile sub-population, producing 
mushroom-like structures as part of a biofilm (Klausen, Aaes-Jørgensen, et al. 2003; Klausen, 
Heydorn, et al. 2003). 
   
Microbes that eventually reach the stage of biofilm maturation will express a multitude of 
different genes, leading to development of a new phenotype as opposed to their planktonic 
counterparts. It has been found that there is at least a 70% difference in terms of gene 
expression between biofilm-producing cells and planktonic cells (Costerton & Moselio 2009; 
Riedel et al. 2001). This is resultant from being exposed to a myriad of environmental 
triggers that induce stress responses (Schembri, Givskov & Klemm 2002).        
 
Eventually microbes are released from the biofilm. This occurs through perturbation as 
biofilms exist in or are exposed to a fluid environment that is often changeable. Microbes are 
also released as a programmed response i.e. it is likely that P. aeruginosa further utilises 
rhamnolipids within these biofilms as an exopolymeric substance-dissolving enzyme (Boles, 
Thoendel & Singh 2005; Costerton, Stewart & Greenberg 1999). Releasing microbes from 
the biofilm allows for colonisation of other surfaces thus increasing the concentration of 
biofilms within a given area (Costerton, Stewart & Greenberg 1999). It has been found that P. 
aeruginosa released from a biofilm had higher levels of gene expression in relation to 
production of virulence factors and lower levels of internal cyclic-di-GMP when compared to 
planktonic cells. This was likely due to the bacteria being in a heightened protective state to 
cope with external stresses (Chua et al. 2014). 
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One cellular and regulatory system that influences the production, maintenance and structure 
of biofilms is quorum-sensing. This system relies heavily on the concentration of organisms 
at the present time. The microbes contained within micro-colonies release signaling 
molecules that lead to biofilm maturation (Otto 2013). This occurs as the microbial 
population increases thus allowing for more signaling molecules to be generated and 
released. Signaling molecules accumulate to a point where the concentration has reached the 
required threshold where the molecules then bind to receptors causing the transcription of 
genes that leads to biofilm maturation (Solano, Echeverz & Lasa 2014).  
 
For instance, the bacterium Serratia liquefaciens releases biosurfactants upon quorum-
sensing molecules reaching a particular threshold to condition the surface to enhance 
swarming motility (Lindum et al. 1998). Conditioning by way of surfactants is to reduce 
surface tension, allowing the bacteria to move more freely across a surface to areas where 
nutrients are still readily available. As swarming motility is incumbent on physical cellular 
interactions and communication through quorum-sensing based molecules, a high cell load 
within those microcolonies ensures that the quorum-sensing molecules are produced at the 
required concentrations (Fraser & Hughes 1999). A result of differential gene expression 
within biofilms is a variety of cell phenotype. In relation to swarming motility to spread the 
biofilm to increase coverage on a particular surface, bacteria differentiate to accomplish this 
task. For instance, vegetative cells that produce W2 surfactant are able to differentiate into 
hyper-flagellated cells that cannot replicate but exist in positions that move entire 
microcolonies across the surface to find various nutrients (Eberl, Molin & Givskov 1999).             
 
Quorum-sensing is seen as useful to many bacteria as the expression of biofilm formation is 
often coupled with expression of other virulence factors, which triggers an immune response. 
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This immune response has the potential to eliminate a pathogen before it has produced 
enough cells to establish an infection (Eberl & Tümmler 2004; Hassett et al. 2002; Moons, 
Michiels & Aertsen 2009; Riedel et al. 2001).  
 
1.1.2. Advantages of biofilm production for the survival of microorganisms  
 
Biofilms have a number of survival advantages compared to planktonic cells.  
One advantage includes increased genetic diversity.  Horizontal gene transfer of microbes 
occurs regularly in biofilms, more so than in planktonic cells as there may be multiple species 
contained within the biofilm. The reason for high levels of gene transfer is that these 
microorganisms are compacted together within micro-colonies that are near the vicinity of 
other micro-colonies. Increased gene transfer also assists in stabilising bacterial biofilms as 
the pili used to transfer the plasmids act as adhesins thus connecting the bacteria together 
(Molin & Tolker-Nielsen 2003). 
 
Another advantage is that the biofilm acts as a physical barrier to prevent outside threats from 
eliminating the microbes inside the biofilm (Costerton, Stewart & Greenberg 1999).  
For instance, the Gram negative bacterial genus Bdellovibrios has the ability to puncture the 
cellular membrane of other bacteria and induce apoptosis by preventing metabolic processes. 
After this, they insert themselves into the periplasm of the target bacterium where they form a 
bdelloplast. The bdelloplast is used to generate multiple functioning bacteria, which lyse the 
host cell to be released to invade other bacteria. It was found that E. coli in a low-nutrient 
environment produced poor biofilm growth and was susceptible to these predator bacteria 
thus complete removal came to pass. In a high-nutrient environment, E. coli produced 
21 
 
continuous sheets of biofilm and resisted the invading bacteria (Moons, Michiels & Aertsen 
2009; Núñez et al. 2005). 
 
1.1.3. Negatives of biofilm production for humankind 
        
It has been shown that biofilms have the potential to have negative consequences in the 
development of human endeavours. For instance, it was found that sulphate-reducing bacteria 
accumulated on pipelines and corroded the metal to the point where these bacteria created 
holes in a 5/8 inch steel pipe in a matter of months. In attempting to solve this problem, 
companies would invest in biocides to eliminate the bacteria however once the treatment had 
ceased, the planktonic concentration prior to the treatment returned. One theory was that the 
bacteria were becoming resistant to the biocides though it was not until engineers began to 
physically remove the biofilms produced by the bacteria, which was coupled with biocide 
treatment that the problem became much more manageable (Costerton & Moselio 2009). 
 
An issue associated with human health is that biofilms are produced by pathogens inside the 
human body with the main problem being that it becomes much more difficult to remove the 
pathogens from the body in contrast to planktonic cells. One reason is that the pathogens 
contained within the biofilms are physically shielded from external substances such as 
synthetic antibiotics and products of the immune system. Many of these substances are 
unable to diffuse efficiently through the thick matrix of the biofilm, becoming deactivated in 
the outer layers (Costerton, Stewart & Greenberg 1999; Fux et al. 2005).   
 
Another reason that biofilms are difficult to remove within the human body is that microbes 
contained within the biofilm are subjected to nutrient limitations and/or reproduce at a 
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slow/starved state. This limits the effectiveness of antibiotics as many rely on disrupting 
metabolic rates to eliminate the microbes (Costerton, Stewart & Greenberg 1999; Hassett et 
al. 2002). 
 
With all biofilms, cells are eventually released to return to their planktonic state. This allows 
for the microbes to spread to new areas of the body and form new biofilms thus exacerbating 
the problem. Biofilms are a general source of chronic infections as the immune 
system/antibiotics will remove the planktonic cells yet fail to remove some if not all of the 
biofilms, which continue to house duplicating pathogens that lead to more cells being 
released (Costerton, Stewart & Greenberg 1999; Fux et al. 2005) The major destructive issue 
with biofilms within the human body stems from the immune system responding to the 
presence of biofilms with the release of antibodies and complexes. The tissue surrounding the 
biofilm is damaged while the pathogens within the biofilm remain relatively unharmed 
(Bjarnsholt et al. 2009).  
 
1. 2 - Overview of P. aeruginosa and E. coli 
 
1.2.1. P. aeruginosa  
 
P. aeruginosa is a Gram negative rod-shaped (bacillus) bacterium. It is known as a fast-
growing organism and for surviving in a multitude of varying conditions. For instance, it has 
a tolerance for a high level of salinity and can survive in a temperature range of 20°C-42°C 
(Cross 1985; Jesaitis et al. 2003). The bacterium has been found in both soil and fluid 




As contraction of an infection occurs via a contaminated surface, this is an indicator that 
infections of P. aeruginosa  can occur through contact with biofilms (Jesaitis et al. 2003). 
P. aeruginosa infections have become a huge problem in terms of nosocomial infections. It 
can get to a point where sections of a hospital such as intensive care units have to be 
temporarily shut down to remove biofilm growth from taps and pipes to prevent P. 
aeruginosa infections from spreading to other areas (Kerr & Snelling 2009). As the biofilms 
grow on surfaces, they can attach to an implanted surface. A big concern is the potential of 
chronic re-infection to occur within hospitals and/or home settings using various devices, 
such as catheters or ventilators placed over the mouth to remove large quantities of mucus. 
These devices have often been found to contain multiple biofilms (Costerton, Stewart & 
Greenberg 1999; Kerr & Snelling 2009; Marks 2007). 
  
P. aeruginosa is an opportunistic pathogen and has multiple sites of infection including the 
eyes, digestive system, urinary tract, burn wounds, ears and respiratory system. Infections in 
these areas have an adverse effect on the host and can be deadly in immunocomprimised 
patients (Jesaitis et al. 2003; Kerr & Snelling 2009; Peral, Huaman Martinez & Valdez 2009). 
A common and still problematic example of this is patients with cystic fibrosis (Hassett et al. 
2009). Cystic fibrosis is a genetic condition where excessive sodium and water reabsorption 
and a lack of chloride secretion leads to production of thick mucus. This occurs heavily in the 
lungs with mucus containing a low-oxygen concentration (Hassett et al. 2009; Huether & 
McCance 2004). 
 
P. aeruginosa  invade the human body via the oropharyngeal route, which leads to the lungs 
(Kerr & Snelling 2009). The bacteria enter the lungs and upon attaching to the surface, they 
reproduce and release signalling molecules called n-acylhomoserine lactones (AHLs). These 
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are common within Gram-negative bacteria. This continues until quorum-sensing takes 
effect, leading to differential gene expression and eventually biofilm production. One of the 
processes involved in biofilm formation of P. aeruginosa is inducing the mucABCD operon, 
which inhibits the algT(U) gene. This gene regulates alginate production therefore inhibiting 
this gene leads to an overproduction of alginate, which changes the phenotype from the non-
mucoid phenotype to the mucoid phenotype (Bragonzi et al. 2005). It has been found that the 
lack of oxygen caused by the over-secretion of dehydrated mucus induces phenotypic shifts, 
leading to increased rates of biofilm production. These biofilms have a strong adverse effect 
on patients with lung disorders such as the aforementioned cystic fibrosis (Bjarnsholt et al. 
2009). 
 
In response to alginate production, the body releases antibodies, prostaglandin E2 and 
cytokines that generate a chronic inflammatory response. These are released along with 
various other chemokines including tumour necrosis factor-α. (Valdéz et al. 2005). 
Neutrophils then release toxic oxygen species such as hydrogen peroxide to eliminate the 
invading pathogens however P. aeruginosa counteracts this by existing within biofilms and 
secreting antioxidants such as catalase and superoxide dismutase. As a result, there is little 
effect on the bacteria however the toxic oxygen species can end up causing damage to the 
epithelial cells of the lung (Bjarnsholt et al. 2009; Jesaitis et al. 2003). 
 
In response to reactive oxygen species produced, a mutation occurs in the algT(U) gene 
causing P. aeruginosa in the biofilm to revert back to the non–mucoid phenotype and be 
released as planktonic bacteria to spread to other areas of the lungs to create more biofilms 
thus generating more damage to the lungs. Many small areas of damage to lung tissue will 




1.2.2 E. coli 
 
E. coli is a Gram-negative bacterium found to be commensal within the gastrointestinal tract 
of warm blooded animals, however like other bacteria, over time multiple strains of E. coli 
have been discovered. Many of these strains are in fact harmful if not deadly to humans and 
fall into various categories. For example, one such category falls under the group of Shiga 
toxin-producing E. coli (STEC) referred to as enterohemorrhagic E. coli (EHEC) (Çadırcı et 
al. 2010). EHEC refers to adherence/attachment of these bacteria to the intestinal lining, 
producing lesions that weaken the intestinal wall. This allows for seepage of blood into the 
intestinal lumen, eventuating in the production of blood-filled diarrhoea. This is a common 
symptom of patients with an EHEC infection (Muniesa et al. 2006). EHEC infections arise 
when the bacteria enter the body and adhere to the surface of the intestinal walls via external 
appendages such as flagella and a coiled appendage referred to as curli fimbriae (Ryu, JH et 
al. 2004; Sharma, VK, Bearson & Bearson 2010). 
 
The proteins involved in attachment of these E. coli to the epithelium are also involved with 
the production of effacing lesions that are known to remove microvilli from the intestinal 
wall, leading to an imbalance in reabsorption thus producing diarrhoea (Nataro & Kaper 
1998). Once the bacteria have attached to the intestinal wall, they secrete Shiga toxins, 
referred to as Stx. These toxins have been found to bind to epithelial and endothelial cells, 
and by restricting ribosomal RNA activation, it leads to decreases in protein synthesis causing 
cell death (Muniesa et al. 2006). Further complications can arise when the Stx toxins 
disseminate into the bloodstream and enter the kidneys leading to haemolytic uremic 
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syndrome (HUS). This has the potential to cause renal failure, increasing the chances of death 
(Muniesa et al. 2006; Nataro & Kaper 1998). 
 
A principle reservoir of E. coli is the gastrointestinal tract of ruminants. The major 
transmission of these bacteria to a human host occurs via direct contact with the reservoir, 
contact with their faecal materials i.e. manure usage and/or consumption of contaminated 
products associated with said reservoir (Dziva et al. 2004). One of the most prevalent EHEC 
found is the serotype E. coli O157:H7, which has been associated primarily with 
contaminated cattle and cattle by-products (Çadırcı et al. 2010; Karch, Tarr & Bielaszewska 
2005). 
 
It was first identified in 1982, and by 1983 had been associated with major instances of food 
contamination and major outbreaks of gastrointestinal infections and further complications 
such as haemorrhagic colitis, haemolytic uremic syndrome (HUS) and thrombotic 
thrombocytopenic purpura (TTP) (Dewanti & Wong 1995). 
 
1.2.3. The association of wide-spread E. coli infections with biofilm formation 
 
The spread of E. coli is dependent on the transfer between reservoirs. This requires E. coli to 
be able to exist outside of the reservoir for a period of time. For instance, uropathogenic E. 
coli are known to attach to the inner surface of catheters and produce biofilms (Walter E 
1991). Once inside the bladder, E. coli then proceed to infect and invade the bladder 
epithelium through the production of filaments such as type-I pili, which is seen as a counter-
measures to evade the host immune system (Mulvey, Schilling & Hultgren 2001). From 
there, UPEC develop biofilms within bladder epithelium (Anderson et al. 2003) to produce a 
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bacterial reservoir thus generating daughter cells for chronic re-infection of the urinary tract 
(Trautner & Darouiche 2004). This eventually leads to infection of the bladder. Urine tends to 
collect in the catheter, promoting bacterial growth, and creating a path of infection for 
bacteria located inside the perineum to relocate into the bladder (Justice et al. 2004; Mulvey, 
Schilling & Hultgren 2001). 
 
A serious issue arises if a pathogenic E. coli strain is able to form these biofilms in areas that 
allow for mass distribution. It has been shown that E. coli have been found to contaminate 
water distribution pipes even though no trace of an initial source of infection could be found. 
(Banning, Toze & Mee 2003). It is therefore determined that E. coli existed in biofilms and 
survived on the low concentrations of carbon found within these systems (Camper et al. 
1985).  Biofilms have been shown to be able resist to removal via antimicrobial agents such 
as chlorine making them more difficult to remove from these systems (Momba et al. 1999; 
Ryu, J-H & Beuchat 2005; Ryu, JH et al. 2004). This could lead to devastating consequences 
if a sizable concentration of E. coli or other pathogen existed in these pipes and/or a 
groundwater system. A major problem of dislodgement of biofilms occurs due to application 
of physical pressure by natural systems and human involvement (Iliuta & Larachi 2006; 
Momba et al. 1999). This may then allow for an increased rate of biofilms being produced 
further throughout the distribution systems (Camper, Jones & Hayes 1996; Momba et al. 
1999). 
 
Further problems arise as these pathogens can then contaminate the water of these systems 
(Robinson et al. 1995), and exist in these systems for long periods of time in the form of 
biofilms (Liu & Li 2007). Spread of infection in people had previously occurred through a 
water source that was subjected to a contaminant i.e. manure contamination of an irrigation 
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system infecting edible crops (Muniesa et al. 2006). This allowed for wide-spread 
distribution of the pathogen to affect a sizable population. Drinking water was contaminated 
with E. coli O157:H7, which led to 2300 people being infected, with seven of those cases 
ending in death. Further investigation discovered that the source of infection was a particular 
well, surrounded by multiple farms. It was suspected that large quantities of rainwater had 
mixed with contaminated manure, which then most likely had flowed into the well (Karch, 
Tarr & Bielaszewska 2005; Muniesa et al. 2006).  
 
As contraction of an infection in relation to biofilm growth requires the initial attachment to a 
solid surface, it is important to analyse the stability of cellular and exopolymeric substance 
attachment of pathogenic organisms. In the case of E. coli, it has been shown to adhere to 
various synthetic materials though the effectiveness of adherence relies on the composition of 
the material. For instance, it was found that E. coli do have the ability to produce biofilm on 
plastic (Prigent-Combaret et al. 2000) and stainless steel however it was shown that with 
growth on steel, a mild amount of agitation was able to dislodge the biofilm (Ryu, J-H & 
Beuchat 2005). This can lead to further complications if E. coli biofilms are dislodged within 
a water system that allows for E. coli to be distributed to either reattach to the surface, 









1.3 - Mixed-species biofilms of P. aeruginosa and E. coli and the impact of 
quorum-sensing molecules 
 
1.3.1. Mixed-species biofilms of P. aeruginosa and E. coli 
 
Mixed-species biofilms arise when planktonic organisms bind to a surface, begin excreting 
the dense polymer that forms the matrix and produce microcolonies via cellular division. 
These are referred to as primary colonisers. Eventually other organisms, referred to as 
secondary colonisers, will arrive in the vicinity of the surface of that biofilm and either 
through contacting the surface of the biofilm and/or being attracted through the release of 
chemical signals will attach to and integrate into the biofilm, provided that the primary 
coloniser does not secrete any inhibitory molecules (Moons, Michiels & Aertsen 2009). For 
instance, it was found that the signalling molecule AI-2 produced the proteins SspA and SspB 
that are required for adhesion of Porphyromonas gingivalis onto Streptococcus gordonii 
biofilms. Without the production of the signalling molecule, mixed-species biofilm formation 
would not be possible (Lamont et al. 2002). The secondary colonisers can either bind to the 
polysaccharide matrix or directly to the primary colonisers i.e. the substratum (El-Azizi, 
Starks & Khardori 2004; Moons, Michiels & Aertsen 2009).    
 
Both E. coli and P. aeruginosa have been shown to exist in multiple-species biofilms. For 
instance, E. coli O157 survived as part of an eight-bacterium consortium while inside a 
continuous culture bioreactor whereas P. aeruginosa was able to form dual-species biofilms 





Formation of mixed-species biofilms of E. coli and P. aeruginosa is feasible as they are both 
found within the intestinal tract of warm-blooded mammals (Duncan et al. 1999) and are both 
known to inhabit and produce biofilms in pipes and water distribution systems (Banning, 
Toze & Mee 2003; Kerr & Snelling 2009; Momba et al. 1999). Furthermore, a study had 
determined P. aeruginosa  and E. coli were two of the most common bacteria involved in 
hospital-acquired infections within the United States (Jarvis & Martone 1992). 
 
The potential for mixed-species biofilms to be more advantageous to the survival of these 
bacteria in comparison to existence in single-species biofilms has been investigated, 
especially when dealing with organisms that are susceptible to antimicrobial agents and are 
required to survive outside a host organism on surfaces that could potentially further the 
spread of infection. For instance, it was previously determined that the addition of betadine to 
mixed-species biofilms of Pseudomonas putida and Vogesella indigofera, P. putida was 
found to be less susceptible to this agent within mixed-species biofilms alongside V. 
indigofera rather than in a single-species biofilm. V. indigofera is known to be heavily 
resistant to betadine and as a result, integration into V. indigofera biofilms by P. putida 
allowed the species to exist in an environment where the antimicrobial effect of betadine was 
neutralised (Whiteley et al. 2001). 
 
In association with organisms pertaining to food spoilage and growth on stainless steel 
surfaces exposed to a fluid environment, Pseudomonas fluorescens produced more viable 
cells within single-species biofilms than in mixed-species biofilms alongside Bacillus cereus 
whereas B. cereus produced a greater concentrations of live cells and lower concentrations of 
spores within mixed-species biofilms. The addition of chlorine dioxide as a sanitising 
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solution led to a change in dynamics where mixed-species biofilms favoured the survival of 
P. fluorsecens as opposed to B. cereus (Lindsay et al. 2002).        
 
Mixed-species biofilms of P. aeruginosa and E. coli biofilms have the potential to be 
advantageous to these two bacterial species rather than single-species biofilms. For instance 
the concentration of P. aeruginosa bacteria increased in mixed-species biofilms of P. 
aeruginosa and E. coli grown on catheters when compared to monoculture biofilms 
(Cerqueira et al. 2013). Furthermore the exposure of P. aeruginosa to signalling molecules 
produced by E. coli such as indole was shown to enhance biofilm production and increase 
antibiotic resistance of P. aeruginosa (Lee, Jintae et al. 2009a; Lee, Jintae, Jayaraman & 
Wood 2007b).         
 
Facilitation of E. coli to attach to a surface via P. aeruginosa may lead to increased biofilm 
production of E. coli and thusly further the spread of contamination. For instance, glass is a 
considered hydrophilic surface (Vidal et al. 1998). As a result, glass being negatively charged 
is likely to repel bacteria attempting to colonise the surface due to the bacteria containing a 
greater negative charge and any exposure to a source of water or other fluids allows for 
hydration of the surface where water molecules bind to the surface and physically impede 
bacteria from attaching to that surface (Liu & Li 2007). Studies conducted utilising glass 
surfaces exposed to a fluid media stream resulted in little to no irreversible growth of E. coli 
occurred yet the addition of P. aeruginosa significantly increased attachment to those 
surfaces, resulting in mixed-species biofilm formation.  This indicates that, under certain 





Even though E. coli and P. aeruginosa experienced declines in viable cells in dual-biofilms 
when compared to single-species biofilms, the amount of biomass hence biofilm produced by 
P. aeruginosa increased. This may then lead to increased resistance from external threats i.e. 
antimicrobial agents (Kuznetsova et al. 2013). For instance, a recent study that had isolated 
strains of P. aeruginosa and E. coli that were found to be closely associated in cluster 
formations within human lungs found that more biofilm was generated within co-cultures in 
the presence of cephalosporin. P. aeruginosa was more luckily to survive within co-cultures 
when exposed to cephalosporin, primarily due to the ß-lactamase produced by E. coli to 
degrade the antimicrobial compound. (Bessa et al. 2015). That being said while others also 
found had increased resistance to benzisothiazolone within co-cultures than single-species 
biofilms (Al-Hmoud et al. 2013), previous research could not determine that dual-species 
biofilms increased overall resistance to benzalkonium chloride (Machado et al. 2012). 
Increased resistance to antimicrobials within co-cultures when compared to single-species 
cultures, while relying on the specificity of the compounds used by these researchers, indicate 
the potential of these two bacteria to exist within mixed-species biofilms as a mechanism for 
increased antimicrobial resistance and the potential for mixed-species biofilm formation to be 
more beneficial than single-species biofilm formation.      
 
As these two bacteria are able to co-exist in mixed-species biofilms, they would then be 
subjected to extracellular products of the neighbouring bacterium. Formation of biofilms, 
production of a myriad of compounds and cellular actions by P. aeruginosa and E. coli, to an 
extent rely on the production of quorum-sensing signals.  
 
Quorum-sensing (QS) is a system that relies heavily on the concentration of organisms at a 
given time and is designed to monitor the amount of microorganisms within an environment. 
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Accumulation of microbes lead to an accumulation of signalling molecules in the 
environment whereby the concentration of the target molecule reaches a certain threshold. 
The signalling molecule then either re-enters the microbe or binds to receptors located on the 
cell surface to regulate gene expression. The induction and/or repression of various genes 
leads to changes in cellular phenotypes (Ramsey, Korgaonkar & Whiteley 2009). 
 
E. coli is known to produce indole whereas P. aeruginosa is known to produce n-acyl 
homoserine lactones (AHL). It has been determined that these signals not only effect biofilm 
formation of the bacterium that produce the signal (Favre-Bonté, Köhler & Van Delden 2003; 
Lee, Jintae, Jayaraman & Wood 2007b; Van Delden & Iglewski 1998) but also are able to 
affect the other respective bacterial species (Lee, Jintae, Jayaraman & Wood 2007b) 
 
1.3.2. P. aeruginosa quorum-sensing molecules - N-acyl homoserine lactones (AHL) 
 
1.3.2.1. Production and the quorum-sensing signal cascade of P. aeruginosa  
 
P. aeruginosa PaO1 produces two different variants of n-acyl homoserine lactone through 
two different but interrelated quorum-sensing systems. These include the las qs-pathway that 
produces the signal n-(3-oxododecanoyl) homoserine lactone (3-oxo-C12-HSL or PAI-1), and 
the rhl qs-pathway that produces the signal n-butyryl homoserine lactone (C4-HSL or PAI-2). 
The las pathway begins with lasI, which codes for a LasI synthase that produces 3-oxo-C12-
HSL. Expression of lasI is auto-regulated ergo the concentration of 3-oxo-C12-HSL correlates 
to the level of expression of lasI. Once a threshold is reached, 3-oxo-C12-HSL binds to the 
receptor protein LasR, produced by lasR (de Kievit et al. 2002; Pearson, Pesci & Iglewski 
1997; Ramsey, Korgaonkar & Whiteley 2009). 
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This activates the protein causing it to bind to lux box-like sequences, designated las 
sequences, located within promoter regions of genes that the quorum-sensing signal 
regulates. This leads to a change in DNA conformation where LasR binds to RNA 
polymerase, bringing RNA polymerase into the promoter region of target genes thereby 
inducing transcription (Fuqua, Parsek & Greenberg 2001). 
 
Genes of interest include include lasI itself thereby stimulating production of 3-oxo-C12-HSL 
to bind to LasR. This generates a positive feedback loop where the product of lasI stimulates 
its own expression. Other genes of interest include sequences that code for factors that assist 
in survival such as sodA (Manganese-dependent superoxide dismutase) and virulence factors 
like toxA (exotoxin A). It was found that while C4-HSL and 3-oxo-C12-HSL can easily 
diffuse into the cell to activate genes and C4-HSL easily diffuses out of the cell through the 
cellular membrane, 3-oxo-C12-HSL export is conducted by a MexAB-OprM efflux pump  
(Ramsey, Korgaonkar & Whiteley 2009; Winzer & Williams 2001). 
 
The second signal, C4-HSL, produced via the synthase RhlI is also auto-regulated i.e. 
concentration of C4-HSL correlates to the expression level of rhlI. When C4-HSL 
concentration threshold is reached, C4-HSL binds to the RhlR receptor protein to increase 
expression of rhlI and induce expression of various other genes i.e. production of pyocyanin 
and pyoverdine and induction of HCN (hydrogen cyanide), rhlAB (rhamnolipid 
biosynthesis), lecA (PA-1L lectin), rpoS (sigma factor S) and sodB (Iron-dependent 
superoxide dismutase) (Ramsey, Korgaonkar & Whiteley 2009; Winzer & Williams 2001). 
 
In terms of the signal cascade, lasI/R induction is required to induce gene expression of the 
rhl qs-pathway. It has been determined that the LasR/3-oxo-C12-HSL complex induces 
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expression of rhlR to produce the RhlR regulatory protein thus inducing expression of rhlI to 
increase production of C4-HSL (Ramsey, Korgaonkar & Whiteley 2009; Winzer & Williams 
2001). 
 
Furthermore, it has been determined that the las qs-system can reduce the level of rhlI 
expression as it was found that, in a dose-dependent manner, addition of 3-oxo-C12-HSL led 
to decreasing concentrations of C4-HSL. This occurred through 3-oxo-C12-HSL occupying 
the binding site of RhlR to physically impede binding of C4-HSL.  As many genes can 
contain las sequences, it had been determined that the synthesis of many virulence factors can 
either be induced by LasI/R and/or RhlI/R i.e. lasB (elastase), lasA (staphylolytic protease) 
and aprA (alkaline Protease) (Pearson, Pesci & Iglewski 1997; Pesci et al. 1997). 
 
A third signalling molecule, referred to as PQS, has been shown to be an intermediate 
signalling molecule that promotes communication between the two homoserine lactone-based 
quorum-sensing systems. PQS production is promoted via LasR expression, leading to 
interactions with the regulatory protein RhlR to induce expression of rhlI (Ramsey, 
Korgaonkar & Whiteley 2009; Winzer & Williams 2001). 
  
Induction of the pqsABCDE operon occurs when PQS binds to the PQS regulator protein 
PqsR, also known as MvfR. Transcription of mvfR has been shown to occur through LasR as 
the promoter region of mvfR contains a las/rhl-box sequence whereby upon LasR binding,   
RNA polymerase is moved into position to bind to the promoter region of mvfR (Xiao, He & 
Rahme 2006). This complex then binds to the promoter region of pqsA and induces 




The pqsABCD gene set is expressed to generate higher concentrations of PQS whereas PqsE 
has been found to interact with the regulatory protein RhlR to increase its affinity to C4-HSL. 
This leads to increased activity of RhlR to bind to promoter regions of target genes, such as 
phzM thereby enhancing expression of target enzymes to increase production of necessary 
compounds i.e. phzM is involved in pyocyanin production (Farrow et al. 2008). PqsE and 
PqsR mutant strains of P. aeruginosa both produced virtually no pyocyanin, indicating that 
the induction of pqsE is under the control of the pqsABCD operon regulator, PqsR (Diggle et 
al. 2003). The LasR/3-oxo-C12-HSL complex then induces pqsH. This gene produces the 
PqsH protein, converting 4-hydroxy-2-heptyl-quinoline (HHQ), the product of the pqsADBC 
operon, into 2-heptyl-3-hydroxy-4-quinolone (PQS) (Xiao, He & Rahme 2006). 
 
QscR (quorum-sensing controlled repressor) negatively regulates the expression of genes 
through regulation of the las and rhl quorum-sensing systems. For instance,  
QscR has been shown to form a complex with 3-oxo-C12-HSL. This complex then binds to 
several promoter regions, indirectly repressing expression of multiple genes including lasI 
(Mattmann et al. 2011; Ramsey, Korgaonkar & Whiteley 2009). 
 
It has been postulated that QscR monomers form a complex with either LasR or RhlR thereby 
inhibiting these regulatory proteins from binding to promoter regions. This may occur when 
n-acyl homoserine lactone production is low. The absence of these signals allows QscR to 
occupy binding sites of LasR and RhlR whereas when the signals are abundant, the binding 
regions would be inaccessible to QscR. Furthermore, QscR contains binding sites for n-acyl 
homoserine lactones. QscR forms multimers when no homoserine lactone molecules are 
present but transitions into monomeric or dimeric configurations when AHL signalling 
molecules are present (Ledgham et al. 2003).  
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The effects of QscR were seen to have an impact on virulence of P. aeruginosa. For instance, 
a qscR-deficient mutant strain produced significantly more pyocyanin than the wild-type 
strain. The reintroduction of qscR into the deficient mutant through plasmid injection 
returned the pyocyanin concentrations back to the levels found within the wild-type. The 
qscR-deficient mutant strain translation levels of mRNA of the phzC and lasR genes were at 
a faster rate than that of the wild-type strain. Furthermore, it was found that expression of 
rhlR and rhlI were increased in qscR-deficient mutant strains compared to the wild-type. The 
rate of production of the signalling molecules 3-oxo-C12-HSL (lasI) and C4-HSL (rhlI) was 
faster in cultures in the qscR-mutant than in the wild-type (Chugani et al. 2001). 
 
1.3.2.2. Impact of n-acyl homoserine lactone in relation of biofilm formation of P. 
aeruginosa  
 
A previous study had determined that P. aeruginosa lacking the lasI gene, hence lacking 
production of 3-oxo-C12-HSL and hence C4-HSL, as 3-oxo-C12-HSL up-regulates C4-HSL, 
(Ramsey, Korgaonkar & Whiteley 2009) were still able to produce biofilms however the 
biofilms were described as “flat and undifferentiated” that were susceptible to Sodium 
dodecyl sulfate (SDS) (Davies et al. 1998).      
 
Biofilm formation of bacteria is determined and regulated by a multitude of factors and 
genes. In regards to P. aeruginosa, a major factor for formation of biofilms is the production 
of lectin. These proteins are known to assist in the binding of P. aeruginosa to cellular 
surfaces to aid in establishing an infection through binding to carbohydrate molecules 
(Wentworth et al. 1991), and have been known to produce cytotoxic effects in mammalian 
hosts i.e. decreasing the growth rate of lung epithelium. Destruction of lung tissue reduces 
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ciliary beat frequency and mucus clearance, thereby reducing the ability of the lungs to 
remove and contain an infection (Adam et al. 1997; Bajolet-Laudinat et al. 1994). Lectin has 
also been implicated in potentially maintaining biofilm structures through physical bacterial 
cohesion and through protein-carbohydrate binding (Higgins & Novak 1997; Imberty et al. 
2004). 
 
The result in mutations of lecA and lecB that produce the two distinct lectins is a large 
reduction in biofilm biomass ergo lecA/B are imperative to be active in maintaining formation 
of P. aeruginosa biofilms (Diggle et al. 2006; Tielker et al. 2005). Like many coding 
sequences, lecA and lecB are heavily induced through activity of lasI/rhlI, to the extent where 
removal of rhlI/R resulted in significant reductions in LecA and LecB production (Winzer et 
al. 2000).      
   
Other research however determined that, with use of P. aeruginosa lasI/RhlI and lasR/rhlR 
deletion mutants, biofilm formation was more so affected by the available carbon source 
rather than by the presence of quorum-sensing molecules. P. aeruginosa utilises three 
different types of movements: swimming, twitching and swarming. Swimming is conducted 
via flagella whereas twitching is a movement across the surface via the actions of type-IV 
pili. Swarming motility is conducted primarily through the use of flagella as a fliM mutant 
(flagella deficient) produced no swarming motility (Shrout et al. 2006). 
 
Cap formation is described when a motile set of bacteria replicate over an immobile 
population of bacteria. This immobile population is deemed the stalk thus leading to the 
characteristic shape found when observing biofilm growth. The standard stalk and cap 
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formation produced by P. aeruginosa was shown to result from activity of type-IV pili and 
flagellum motility, and release of extracellular DNA (Barken et al. 2008).    
 
Swarming motility has been shown to determine whether P. aeruginosa will form a flat 
biofilm or produce cell aggregates. No significant difference was found with swimming and 
twitching motility between the carbon sources used nor whether the P. aeruginosa strain 
contained a quorum-sensing system mutation however this was not the case for swarming 
motility. For instance, swarming motility was inhibited in the wild-type strain by glucose 
whereas swarming motility was inhibited in the mutant strains by glucose and succinate. This 
translated in biofilm formation as the wild-type strains produced cell aggregates when 
exposed to glucose (low swarming motility) but flat biofilm when exposed to 
succinate/glutamate (high swarming motility). The lasI/rhlI deficient mutant however 
produced flat biofilm when exposed to glutamate (high swarming motility) but produced cell 
aggregates when exposed to succinate/glucose (low swarming motility)  (Shrout et al. 2006). 
 
1.3.2.3. E. coli detection of n-acyl homoserine lactones 
 
SdiA, produced by E. coli, is known as a LuxR homologue that responds to the presence of 
homoserine lactones. As E. coli cannot produce these lactones, it was theorised that SdiA is 
generated and binds to AHL molecules to detect the presence of other bacteria in the vicinity 
that produce these molecules (Smith, Fratamico & Yan 2011; Van Houdt et al. 2006).  
 
SdiA is comprised of two functional domains. The C terminus contains a DNA binding motif 
whereas the N terminus (residue 1-171) binds to AHL molecules. It was shown that binding 
of C8-HSL changes the conformation of SdiA, producing folded structures and thus 
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solubilising the protein. Removal of C8-HSL led to SdiA being displaced into insoluble 
inclusion bodies. This indicates that addition of AHL leads to stabilisation of the SdiA 
protein (Yao et al. 2006). 
 
One of the known functions of SdiA is to regulate ftsQ2p expression. This promoter, in 
conjunction with the P1 promoter, when expressed will stimulate expression of the ftsQ gene, 
a part of the ftsQAZ operon. Expression of this operon eventually leads to cellular division. 
(Sitnikov, Schineller & Baldwin 1996). It was seen, using an ftsQAZ-LacZY fusion plasmid 
that expression of ftsQAZ increased 4-fold with insertion of a plasmid containing the sdiA 
gene. Expression of ftsQAZ increased 7.4-fold with the addition of AHL(Ahmer 2004). 
Further research had indicated that the AHL signalling molecule, n-butyryl-DL-homoserine 
lactone (C4-HSL) induced transcription of ftsQ2p i.e. 10 µM of C4-HSL increased ftsQ2p 
transcription by 40±7%. It was also found that addition of AHL molecules had no effect on 
increasing transcription of ftsQ2p in an sdiA mutant strain (Lee, Jintae, Jayaraman & Wood 
2007b). 
 
The impact of homoserine lactones on E. coli biofilms is conflicting. Studies have found that 
using n-butyryl-DL-homoserine lactone (C4-HSL), N-hexanoyl-DL-homoserine lactone (C6-
HSL), and n-octanoyl-DL-homoserine lactone (C8-HSL), biofilm production decreased in a 
manner that correlated to increasing AHL concentrations (Lee, Jintae, Jayaraman & Wood 
2007b; Lee, J. et al. 2009b). For instance, 10 µM C4-HSL reduced E. coli K-12 wild-type 
biofilm formation by 25% in comparison to biofilm formation with no exposure to the 
signalling molecule. An E. coli sdiA deletion mutant produced no response to this signalling 
molecule, and as such biofilm formation was not repressed. This indicated that AHL binds to 
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SdiA contained within E. coli to negatively regulate biofilm formation (Lee, Jintae, 
Jayaraman & Wood 2007b). 
 
Other studies however determined that the addition of homoserine lactones had no significant 
impact on biofilm formation. For instance, while 1 µM n-(3-oxo-hexanoyl)-L-homoserine 
lactone (3-oxo-C6-HSL) did stimulate SdiA activity, it failed to reduce E. coli biofilm 
formation when compared to biofilm formation in the absence of the homoserine lactone, 
regardless whether the E. coli strain contained a functional sdiA coding sequence (Sabag-
Daigle et al. 2012). 
 
1.3.3. E. coli quorum-sensing molecules - Indole 
 
1.3.3.1. Production and affect on cellular process 
 
Indole is known as an intercellular and interspecies signalling molecule. It is produced by 
multiple species of Gram positive and Gram negative bacteria. One bacterium of particular 
interest, which has been heavily studied over several decades in regards to indole production 
and indole usage, is Escherichia coli. In fact, E. coli was one of the first bacteria discovered 
to produce indole. It is generated via degradation of tryptophan via the enzyme tryptophanase 
(expressed via the gene tnaA) whereby tryptophan is converted into indole, pyruvate and 
ammonia (Lee, J-H & Lee 2010). 
 
Indole production is known to affect many processes in E. coli. One process is cellular 
division. Multimerisation of plasmids occurs through recombination and over-replication of 
plasmids. This eventually leads to a low-copy number of the plasmid whereby during cell 
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replication, the plasmid may not be transmitted from the parent cells resulting in the 
generation of plasmid-free cells and the loss of that plasmid over time as these plasmid-free 
cells continue to replicate. In order to prevent the generation of plasmid-free cells, E. coli 
temporarily delays cell division until plasmid multimers are converted into monomers. This is 
achieved with short RNA sequences referred to as RCDs (regulator of cell division). RCDs 
are known to interact with tryptophanase to increase its affinity to bind with tryptophan to 
increase the production rate of indole. It was found that cells containing multimers and RCDs 
produced four times the amount of indole compared to cells that contained multimers but no 
RCD expression (approximately 480 µM compared to 1690±212 µM) (Chant & Summers 
2007). 
 
Previous research determined that tryptophanase activity and hence indole production is 
required to activate the LEE pathogenicity island. Expression of LEE1 was three-fold lower 
in an E. coliΔtnaA mutant compared to the wild-type strain. Expression of LEE1 was restored 
in the tnaA mutant by the addition of indole. The EPECΔtnaA mutant was able to attach to 
mucosal cells however the actin pedestal produced tended to be disorganised compared to the 
wild-type. Insertion of the tnaA gene back into the mutant restored pedestal formation to what 
was found within the wild-type strain (Anyanful et al. 2005). Further research conducted 
determined that a tnaA mutation contained within E. coli O157:H7 serotype had reduced 
expression of espA and espB leading to a reduction in lesions produced on HeLa cells. Gene 
expression of LEE4 was reduced within the tnaA mutant. This was restored with 125 µM 
indole and was induced 4-fold with 2 mM indole. Lesion production was also restored in the 




Indole tends to be produced primarily during the stationary phase where the maximum 
recorded value of indole produced by E. coli is approximately 0.6 mM (Lee, J-H & Lee 2010; 
Wang, D, Ding & Rather 2001). Indole concentrations become lethal to E. coli when it 
exceeds 2mM i.e. a study found that 2 mM of exogenous indole had little effect on cell 
growth whereas 6 mM exogenous indole almost completely reduced cellular mass (Chant & 
Summers 2007).  
 
During the stationary phase, indole is known to induce multiple genes i.e. increased indole 
concentrations led to increased gene expression of astD, tnaB and gabT. This was shown with 
the use of an tnaA deletion mutant whereby a lack in gene expression of these genes occurred 
without indole production however was restored when exogenous indole was added (Wang, 
D, Ding & Rather 2001). The gene tnaB (tnaB is at distal end of the tnaABC operon ergo will 
be active if tnaA is active) codes for a permease to import tryptophan into the cell (Baca-
DeLancey et al. 1999; Lee, J-H & Lee 2010) whereas astD codes for Succinylglutamic 
semialdehyde dehydrogenase and gabT codes for 4-Aminobutyrate aminotransferase (Baca-
DeLancey et al. 1999; Lee, J. et al. 2009b). These enzymes are primarily required to generate 
high concentrations of carbon and thus obtain an energy source which regularly occurs as a 
response of E. coli during stationary phase as increased cellular concentrations and a 
dwindling energy source are standard during this phase (Lee, J-H & Lee 2010; Prescott, 
Harley & Klein 2005; Wang, D, Ding & Rather 2001). Genes that code for tryptophanase 
production (tnaA and tnaC – codes for leader peptide of tryptophanase) were induced by 





Further connections of E. coli producing indole as a response to a low energy source was 
confirmed from further study where the addition of glucose led to catabolite repression of 
tnaA and a lack of overall indole production (Botsford & DeMoss 1971; Lee, J. et al. 2009b). 
Furthermore, tnaA has a residue (Deeley & Yanofsky 1982) that allows for binding of the 
catabolite gene activator protein (CAP) + cyclic AMP (cAMP) complex also known as the 
cAMP receptor protein (CRP). A lack of a carbon source triggers an increase of cAMP, 
which then binds to CAP thus causing a conformational change. This change causes the CRP 
complex to bind to the lac operon, facilitating RNA polymerase to bind and transcribe the 
target gene (Deeley & Yanofsky 1982; Prescott, Harley & Klein 2005; Wang, D, Ding & 
Rather 2001).    
 
Analysis of the transcriptome of E. coli determined that addition of 0.4% glucose saw a large 
reduction in tnaA expression however there was a higher rate of tnaA expression in an E. coli 
crp-deficient mutant than the wild-type in the presence of glucose. The addition of 0.4% 
glucose to the mutant strain did decrease tnaA expression further, indicating that there are 
other mechanisms in which glucose reduces production of indole (Gosset et al. 2004).  
 
Further mechanisms are required to induce tryptophanase and hence indole production. 
Between the promoter and the tnaA coding sequence is a sequence over 319-bp in length 
named tnaL. Inside tnaL is a sequence 24-bp long called tnaC, referred to as the tna leader 
peptide (Konan & Yanofsky 1997; Stewart, Landick & Yanofsky 1986). This peptide is 
required to be expressed to allow for continual expression of the tnaABC operon. Once tnaC 
has been transcribed, the tnaC peptide complexes with tRNA forming TnaC-peptidyl-
tRNAPro. This complex then binds to a ribosomal subunit, preventing the translation of the 
tnaC stop codon. Beyond the stop codon is boxA and Rho utilisation (rut) sites. These sites 
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are required for rho factors to terminate gene expression. TnaC-peptidyl-tRNAPro binding to 
and forming a complex with rRNA blocks rho-mediated termination. It was also found that 
tryptophan itself interacts with the ribosome subunits to prevent hydrolysis of the tRNA 
complex ergo if tryptophan is present, the ribosome will be blocked to prevent rho-dependant 
termination thus allowing for expression of tnaAB (Gong et al. 2001). 
 
The process of converting tryptophan to indole is reversible through expression of the 
trpEDCBA operon. When expressed, this operon provides the enzymes required to convert 
indole into tryptophan (Oppenheim & Yanofsky 1980). Production of tryptophan has been 
deemed costly (Yanofsky, Horn & Gollnick 1991), meaning it requires high amounts of 
energy/material expenditure. When tryptophan is already in the system, it binds to the 
repressor protein trpR. This causes a conformation change in trpR, leading to binding of the 
trpO operator. The operator has an overlap on the trp promoter ergo binding of trpR blocks 
RNA polymerase from binding to the promoter and producing enzymes to eventually convert 
tryptophan from indole (Santillán & Zeron 2004). 
   
Located between the promoter/operator region and trpE, is a leader region, referred to as trpL 
(Oppenheim & Yanofsky 1980; Santillán & Zeron 2004). The transcript (mRNA) of this 
leader region consists of 4 segments. High levels of tryptophan in the leader region led to 
high levels of charged tRNATrp. This causes the ribosome to quickly move through segment 1 
and bind with segment 2. This then creates a stem-loop between segments 3 and 4, generating 
a sequence that when translated will terminate prematurely. Low levels of tryptophan in the 
region leads to low levels of charged tRNATrp. This keeps the ribosome bound to segment 1, 
causing a stem loop between segments 2 and 3, preventing production of a termination 
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sequence. This allows RNA polymerase to read past the trpL transcript and through to the rest 
of the operon (Santillán & Zeron 2004). 
 
A third mechanism for preventing tryptophan production occurs when two units of TrpE and 
two units of TrpD bind to form Anthranilate synthase. If high levels of tryptophan are 
present, it binds to the two trpE subunits, causing inactivation of the entire Anthranilate 
synthase complex. This prevents the synthase from acting on chorismate and converting it to 
anthranilate, which would eventually be converted to tryptophan (Oppenheim & Yanofsky 
1980; Santillán & Zeron 2004).  
 
Research has investigated the effect indole had on bacterial multiplication. The gene ftsZ 
codes for FtsZ proteins that assemble in the inner cellular membrane that develops into a 
tublin-like structure, referred to as the Z Ring. This ring has been shown to undergo a process 
where the diameter of the ring decreases, effectively constricting the cellular membrane to 
separate the cell into two distinct sections. It has been found that additional proteins are 
required for initiation of cellular division (Bi, E & Lutkenhaus 1990; Bi, Erfei & Lutkenhaus 
1991).  
 
FtsZ proteins are the first in the cascade of proteins at the site of division thus other proteins 
involved in this process require facilitation from the z ring. FtsA proteins are the second 
proteins in the signal cascade. They code for cytoplasmic proteins that interact with FtsZ 
protein structures to assist in stabilisation of Z ring filaments. FtsA proteins also necessary to 
be present for facilitating the remaining proteins in the Fts complex to associate with the Z 




It has been shown that with the addition of 5mM indole, FtsZ and FtsA had been dislocated 
and scattered throughout the cell instead of gathering at the midpoint of the cell (Chimerel et 
al. 2012). The Z ring and associated proteins must collect at the midcell to ensure cell 
division will occur at the cell poles. Disruption of this process would lead to production of 
non-functioning cells (Bi, Erfei & Lutkenhaus 1991). This is regulated by the minB operon 
that produces the MinC, MinD and MinE proteins. The MinCD protein complex interacts 
with FtsZ protein to produce filaments that would prevent production of Z rings thus 
septation will not occur. The function of the MinE protein is specifically designed to ensure 
that the MinCD complex acts at the vicinity of the cell poles and not at the midcell point (Bi, 
E & Lutkenhaus 1990; De Boer, P et al. 1991; De Boer, PA, Crossley & Rothfield 1992). 
 
 It was shown that with the addition of 5mM indole, the MinD protein was no longer 
concentrated at the cell poles but rather evenly distributed throughout the cell. This has been 
shown to come as a result of disrupting membrane potential i.e. the charge maintained across 
a membrane (Chimerel et al. 2012). It had been determined that the MinD protein is 
stimulated by the binding of the amphipathic helix, located at the c-terminus, to the lipid 
membrane. Carbonylcyanidem-chlorophenylhydrazone (CCCP) is a proton ionophore, a 
molecule capable of ferrying ions across the lipid-bilayer of cells. CCCP was shown to 
disrupt membrane potential, affecting MinD concentration at the cell poles and thus affecting 
cell division (Strahl & Hamoen 2010). Recent research provided evidence that indole 
produced similar results and may affect the electric potential of the cell, leading to disruption 






1.3.3.2. Indole and biofilm formation of Escherichia coli 
 
Indole has been shown to have a significant influence over the formation of E. coli biofilms.    
The expression of tnaA was reduced 12.5-fold in biofilms grown for more than 6 days (Ren, 
D. et al. 2004). E. coli K-12 wild type, grown in flow cells exposed to 0.2% glucose (leads to 
catabolite repression of tnaA ergo E. coli would not produce any additional indole) and 500 
µM indole led to a 40% drop in biomass (biofilm production) compared to wild-type E. coli 
with no added indole. Addition of 500 µM indole also led to changes of biofilm architecture, 
with the towering structures becoming flatter colonies. Flatter colonies led to a 2.8-fold 
increase in coverage over the solid surface (Lee, Jintae, Jayaraman & Wood 2007b). 
 
E. coli strains grown at 30ºC for 8 hours in 1000μM indole had shown significant decreases 
in biomass compared to strains grown without additional indole. TrpE and tnaC deletion 
mutations (genes required for indole production), grown for 24 hours had increased 
production of biofilm compared to the wild-type strain (increases of 5.4-fold and 3.9-fold, 
respectively). Addition of 500 µM and 1000 µM indole to these mutant strains decreased 
biofilm formation in a dose dependant manner. This determined that indole negatively 
reduces biofilm formation in E. coli (Lee, Jintae, Jayaraman & Wood 2007b).  
 
Motility-related genes have been shown to have some effect over biofilm formation in E. coli 
where deletion of genes related to flagella synthesis/movement and pili/fimbriae production 
significantly reduced biofilm formation. Furthermore it was shown that deletion of genes 
affecting expression of type 1 pili significantly reduced attachment of E. coli to synthetic 




A later study found that strains of E. coli generating lower levels of motility than E. coli wild-
type strains produced less biofilm with flatter colonies. This was compared to strains that 
produced levels of motility-related gene expression that were greater than that of the wild-
type strain. The use of these strains led to increased biofilm formation with taller structures 
(Wood et al. 2006). This indicates that as biofilm formation, in terms of physical appearance 
and concentration of EPS was affected in E. coli by the addition of indole then it is possible 
that indole affects biofilm formation by inhibiting motility. It was found in a motility plate-
assay, addition of 500 µM indole led to decreased motility in the wild-type strain. Removal of 
tnaC/trpE genes led to less intracellular indole thus levels of motility increased when 
compared to the wild-type (Lee, Jintae, Jayaraman & Wood 2007b).  
 
Indole was also shown to reduce expression of fimA, a gene required for type 1 pili 
production (Lee, Jintae et al. 2008). This indicates that indole may reduce the ability of E. 
coli to attach to abiotic surfaces, a necessary component of biofilm production (Pratt & 
Kolter 1998). An agarose plug chemotaxis assay determined that 500 mM indole was able to 
repel E. coli and at 500 µM, indole was able to prevent attachment to HeLa cells. It was 
proposed that commensal E. coli within the gastrointestinal tract produce indole as a defence 
mechanism to prevent foreign and potentially pathogenic E. coli from attaching to the 
intestinal walls (Bansal et al. 2007).  
 
1.3.3.3. The SdiA receptor and its response to indole  
 
SdiA is known to up-regulate expression of the P2 promoter to induce the ftsQAZ cluster. 
Using E. coli UT481 (contains the plasmid pCX39 - lacZ fusion with ftsQ2p), it was 
determined that the addition of 1 mM indole led to 33±13% reduction in P2 expression. To 
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confirm whether indole reduced expression by acting upon SdiA, the E. coli WX2 strain 
(contains pCX39 but had sdiA removed) was used in the same assay. The assay found that 
without the sdiA gene, indole had no effect in reducing ftsQ2p expression (Lee, Jintae, 
Jayaraman & Wood 2007b).  
 
The addition of 0.6 mM indole to E. coli determined that one of the most induced genes was 
sdiA, indicating that indole may require the presence of SdiA to negatively regulate certain 
processes (Lee, Jintae, Jayaraman & Wood 2007b). The concept that the SdiA receptor is a 
negative regulator of motility and biofilm production of E. coli in the presence of indole is 
conflicting when analysing various studies. 
 
For instance a study found that within 24 hours, an E. coliΔsdiA mutant produced 6±2-fold 
more motility in LB glu medium at 37ºC and 3.5-fold more motility in Lb medium at 30ºC, in 
comparison to the wild-type strain. Even so, motility of this deletion mutant of E. coli was 
still reduced by the addition of 500 µM indole. This indicated that while the presence of SdiA 
reduced motility, other pathways may be present for indole to reduce cellular motility of E. 
coli. The addition of indole to the sdiA mutant however still produced more motility than the 
wild-type with no additional indole, indicating that the primary pathway of indole repressing 
motility is likely through SdiA (Lee, Jintae, Jayaraman & Wood 2007b). This was also seen 
through a microarray where larger reductions in motility-related expression was seen when 
comparing the wild-type strain to an sdiA deletion mutant than in comparing motility-related 





In relation to biofilm formation and the SdiA receptor, the removal of the sdiA gene was 
shown to significantly enhance biofilm formation. At 30ºC, an E. coliΔsdiA mutant produced 
51-fold more biofilm in LB medium within 8 hours in comparison to the wild-type strain.  
The addition of 1.0 mM indole had little impact on biofilm formation indicating that E. coli 
would require the SdiA receptor protein to be present to reduce E. coli biofilm production in 
the presence of indole (Lee, Jintae, Jayaraman & Wood 2007b).  
 
A subsequent study had similar effects where addition of 0.5 mM and 1.0 mM indole reduced 
wild-type E. coli biofilm formation yet had no effect on the sdiA mutant however this was 
only seen at 30ºC whereas at 25ºC, increasing indole concentrations reduced biofilm 
formation in a dose-dependent manner in the sdiA deletion mutant (Lee, Jintae et al. 2008). 
   
A later study however found reductions in biofilm production of an E. coliΔsdiA mutant in 
the presence of indole at both 25ºC and 37ºC though it was found that indole was more active 
in reducing biofilm formation at 25ºC than 37ºC (Bunders et al. 2011). This finding was 
again confirmed in later work where at 25ºC and 30ºC, 500 µM indole was effective in 
reducing both the E. coli wild-type strain and the E. coliΔtnaA strain, regardless if the strain 
had a sdiA coding sequence present within the genome. It was also determined that while the 
SdiA receptor within E. coli did respond to 1 µM 3-oxoC6-HSL; it was non-responsive when 
exposed to 500 µM indole (Sabag-Daigle et al. 2012). This indicates that indole may have no 
interaction with SdiA ergo there may be another receptor that responds to indole to reduce 






1.3.3.4. Influence of indole over P. aeruginosa  
 
Indole not only has an effect on E. coli but has also been shown to have an effect on P. 
aeruginosa. A previous study conducted had determined that indole had induced biofilm 
formation in P. aeruginosa in a dose-dependent manner (500μM increased biofilm formation 
1.4-fold whereas 1000μM increased biofilm formation 2.2-fold) (Lee, Jintae, Jayaraman & 
Wood 2007b). 
 
Further analysis of the relationship between indole and P. aeruginosa revealed that while 
indole and hydroxylated indole (indole becomes hydroxylated when exposed to oxygenases 
produced by P. aeruginosa) increased biofilm formation, it also affected expression of other 
genes. Using indole and 7-hydroxyindole (7HI), it was determined that the highest level of 
repression occurred with mexGHI-opmD genes that code for a multi-drug efflux pump, 
leading to increased antibiotic resistance (Lee, Jintae et al. 2009a). Similar results were 
produced with mexI and opmD deficient mutants in regards to kanamycin and tetracycline 
resistance (Aendekerk et al. 2005).  
 
The loss of functional mexI and opmD coding sequences resulted in loss of 3-oxo-C12-HSL 
production and significant reduction in C4-HSL concentrations. Deletion of mexI and opmD 
genes did not affect the transcription levels of lasI, indicating a loss occurred through some 
form of mechanism affecting translation of lasI mRNA (Aendekerk et al. 2005). Similar 
results were found with the addition of indole/7HI, where mexGHI-opmD related-genes were 




It is possible that loss of PQS production, a signal that induces rhlI transcription may have 
affected AHL levels as loss of mexI/opmD expression led to decreased PQS production 
(Aendekerk et al. 2005). Furthermore, reductions in PQS and pyocyanin production were 
seen in a mvfR mutant strain of P. aeruginosa however indole had no effect on virulence 
factor production within this mutant strain of P. aeruginosa PaO1, indicating that indole 
works through pqsR/mvfR to negatively regulate mexGHI-opmD related-genes to reduce 
lasI/rhlI concentrations (Lee, Jintae et al. 2009a). The addition of PQS to these deficient 
mutants led to increased C4-HSL/3-oxo-C12-HSL production however the addition of 3-oxo-
C12-HSL did not restore PQS synthesis indicating that 3-oxo-C12-HSL production may 
require PQS activation of lasI. (Aendekerk et al. 2005) 
  
The loss of AHL signals as a result of down-regulation of mexGHI-opmD genes led to 
decreased concentrations of quorum-sensing induced virulence factors such as PQS, 
pyocyanain and pyoverdine. It is theorised that indole is produced by other bacteria to 
attenuate virulence factor production of P. aeruginosa to allow those bacteria to survive in 
the same environment and to allow formation of multiple-species biofilms (Lee, Jintae et al. 
2009a).  
 
1.4 -  Hypothesis 
 
Null Hypothesis: Cell signalling molecules will not be a determinate factor on survivability 
of P. aeruginosa and E. coli in mixed-species biofilms. 
 
Active Hypothesis:  The presence of indole will increase exopolysaccharide production and 
reduce virulence factor production of P. aeruginosa, making indole the determining factor of 
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E. coli survivability alongside P. aeruginosa within mixed-species biofilms. Furthermore, an 
indole deficient strain of E. coli would not be able to survive within mixed-species biofilms 
of P. aeruginosa unless indole is present in the environment. The presence of AHL will 
reduce biofilm synthesis of E. coli and activate pyocyanin production within P. aeruginosa. 
This will reduce levels of viable E. coli to be recovered within mixed-species biofilms. 
Removal of AHL production will lead to a significant loss in pyocyanin production by P. 
aeruginosa, resulting in increased recovery of E. coli within those same mixed-species 
biofilms. Reducing the incubation temperature of mixed-species biofilms from 37ºC to a 
lower temperature will decrease virulence factor production of P. aeruginosa and increase 
biofilm production of E. coli, translating to an increase in recovery of viable E. coli within 
mixed-species biofilms.    
 
1. 5 - Aims and Objectives  
 
The primary aim of this thesis is to determine the effect of secreted molecules on mixed-
species biofilms between P. aeruginosa and E. coli, in terms of recovery of viable cells and 
concentrations of extracted molecules within these biofilms.  
 
This includes determining whether indole production by E. coli is the primary cause for 
overcoming P. aeruginosa-related toxic metabolites, leading to formation of mixed-species 
biofilms between those two organisms. Another aspect is to determine the affect of n-acyl 
homoserine lactone (AHL molecules) on E. coli biofilms and whether loss of these signalling 
molecules will affect the ability of P. aeruginosa to compete with E. coli in a dual-species 
biofilm. Similarly a further aim will be to determine the role of additional small 
molecules/virulence factors on monocultures and mixed-species biofilms. Another aspect to 
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be investigated will be to determine the effects of alterations in environmental temperature on 
producing cell signalling molecules and how that will further impact formation of these 
biofilms.  
 
These aims will be achieved through measuring biomass and cultivable cells of single and 
dual-species biofilms of P. aeruginosa and E. coli in the presence of extracellular signals 
such as indole and AHL. An extension of this work will be to use mutant strains of each 
organism to determine how the loss of production of signalling molecules would impact 







Chapter 2 -  Materials and Methods 
 
2. 1 - Materials 
 
2.1.1. Bacteria Strains   
 
The strains of E. coli and P. aeruginosa used in this study are listed in Table 1. All E. coli 
strains were obtained from the Keio collection from The Coli Genetic Stock Center, Yale 
University (E. coli Genetic Stock Center. Yale University, New Haven, CT, USA). P. 
aeruginosa PaO1 strains were obtained from the University of Technology Sydney (Ultimo, 






Table 1. Details of Bacterial Strains. 
 
Strain Description Reference 
E. coli K-12 BW25113 lacIq rrnBT14 ΔlacZWJ16 
hsdR514 ΔaraBA-DAH33 
ΔrhaBADLD78 
(Baba et al. 2006) 
E. coli K-12 BW25113 ΔtnaA  K-12 ΔtnaA::KmR, defective in 
tryptophan deaminase 
(Baba et al. 2006) 
E. coli K-12 BW25113 ΔsdiA  K-12 ΔsdiA::KmR, defective in 
quorum sensing signal 
autoinducer-1 
(Baba et al. 2006) 
E. coli K-12 BW25113 ΔoxyR K-12 ΔoxyR::KmR, defective 
in OxyR transcription factor 
(Baba et al. 2006) 
E. coli K-12 BW25113 ΔsoxR K-12 ΔsoxR::KmR, defective 
in SoxR transcription factor 
(Baba et al. 2006) 
P. aeruginosa  PaO1 Wild-type P. aeruginosa  strain 
ATCC 15692 
(Lazenby, J.J. 2010; 
Lazenby, James J et al. 
2013) 
P. aeruginosa  PaO1Δ 
lasIRΔrhlIR 
Unmarked quadruple knockout 
mutant 
(Lazenby, J.J. 2010; 
Lazenby, James J et al. 
2013) 
- KmR referes to kanamycin resistance. 





2.1.2. Microbiological Media  
 
All media in this study was supplied by Oxoid (Thermo Fisher Scientific Australia Pty Ltd, 
Thebarton, South Australia, Australia) and Acumedia (Neogen, Lansing, MI, USA). All 
media was sterilised by autoclaving at 121ºC (15psi) for 15 minutes. Reagents in this study 
were provided through Sigma-Aldrich (Sigma-Aldrich Pty. Ltd. Sydney, NSW, Australia) 
and were sterilised with syringe filters (minisart filters, 0.22um pore size, Sartorius Australia, 
Melbourne, Victoria, Australia).       
 
2.1.2.1. Luria Broth and agar (Millers Modified) 
 
Luria broth was prepared by dissolving 2.5 g of Luria broth dehydrate into 100 mL distilled 
water. LB agar was prepared as per the broth with the addition of 1.2 g Oxoid technical agar.  
To isolate E. coli in the presence of P. aeruginosa, filtered Celsulodin sodium salt stock 
solution was transferred to sterilised Luria Broth agar at a final concentration of 20 µg/mL. 
 
2.1.2.2. Brain Heart Infusion (BHI) Broth 
 
Brain Heart Infusion (BHI) Broth was prepared by dissolving 3.7 g Brain Heart Infusion 
Broth dehydrate into 100 mL distilled water.  
 
2.1.2.3. Cetrimide Agar 
 
Cetrimide agar was prepared by dissolving 4.53 g Cetrimide agar dehydrate into 100mL 




2.1.2.4. Motility Agar 
 
Motility Agar was prepared by dissolving tryptone dehydrate (1.0%), sodium chloride 
(0.25%) and technical agar dehydrate (0.3%) into distilled water. 
 
2.1.2.5. Saline Solution  
 




2.1.3.1. Crystal violet solution  
 
Crystal violet solution was prepared by diluting crystal violet stain with distilled water to 
generate a concentration of 5 µg/mL.  
 
2.1.3.2. Indole solution 
 
Indole was dissolved in Luria Broth/BHI Broth within 10 mL at a concentration of 1.1715 
g/mL to generate a 10 mM stock. After 5-10 minutes of heating in a water bath at 55ºC with 
periodical intervals of vortexing, the stock solution was diluted in the relative broth solutions 





2.1.3.3. Celsulodin Sodium Salt solution  
 
Celsulodin Sodium Salt, made up to a concentration of 20 mg/mL, was dissolved in Luria 
Broth and stored at 4ºC.    
 
2.1.3.4. N-Butyryl-DL-homoserine lactone (C4-HSL) 
 
25 mg of C4-HSL was dissolved in 1 mL acidified ethyl acetate to generate a concentration 
of 0.146 M. Stock solution was stored at 4ºC.   
 
 
2.1.3.5. N-(3-Oxodecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) 
 
100 mg of 3-oxo-C12-HSL was dissolved in 1.5 mL acidified ethyl acetate to generate a 




5 mg of Pyocyanin was dissolved in 1 mL of 95% ethanol to generate a concentration of 5 








2. 2- Methods 
 
2.2.1. Inoculation Starting Cultures  
 
All overnight starting cultures used for the purpose of inoculation were setup to contain 
10mL of LB media within sterilised 250 mL conical flasks. After inoculation from the 
required agar slope via sterilised culture loops; broth cultures were left in shaking incubators, 
set at 37ºC for 24 hours to ensure that the stage of the growth phase was normalised. Unless 
specified, the volume used for inoculating an experiment was a 1/100 of the final volume i.e. 
100 µL would be used to inoculate a final volume of 10 mL.  
 
2.2.2. Motility Assay 
 
The assay was modified from previous work (Lee, Jintae, Jayaraman & Wood 2007b). 
The assay worked on the use of semi-solid medium by generating agar plates that contained 
1.0% tryptone, 0.25% sodium chloride and 0.3% technical agar. Each plate contained 15 mL 
of the motile agar preparation. One millimolar of indole, dissolved into distilled water was 
supplemented into the preparations post-autoclave cycle to determine the effect of indole on 
motility.  
 
If the microbes were motile, they will move through the media from the point of inoculation, 
generating a zone of motility. 5 µL of overnight culture fluid was dispensed onto the centre of 
the plate. The degree of motility of each organism was determined by measuring the radius 
from the centre of the inoculation point to the end of the motile zone. Plates were incubated at 
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30ºC and 37ºC for 24 hours to determine the difference temperature had on bacterial motility. 
Each assay was conducted at least three separate times. 
 
2.2.3 Growth and Measurement of Biofilms with the Crystal-Violet Assay 
 
Biofilm growth was assayed by a crystal violet assay that was modified from previous work 
(Djordjevic, Wiedmann & McLandsborough 2002). This assay was used to determine the 
concentration of biofilm exopolysaccharride/exopolymer production in single-species broth 
cultures. These cultures were exposed to exogenously-added signalling molecules, which 
have been previously reported to modulate expression of biofilm whether containing 
inhibitory or enhancing properties (Lee, Jintae, Jayaraman & Wood 2007b). The assay relied 
on crystal violet absorption by biofilm whereby the concentration of crystal violet retained 
correlated to the amount of biofilm produced by each organism under varying conditions. 
 
 Biofilms were grown in 96 well Microtitre plates provided by Grenier (Interpath Services 
Pty Ltd., West Heidelberg, Victoria, Australia) and Sarstedt (Sarstedt Australia, Mawson 
Lakes, South Australia).  
 
Each well was filled with 200 µL of either Luria Broth or BHI Broth. The outer wells were 
not inoculated to ensure that the plate had no contamination i.e. if the majority of outer wells 
were turbid then the plate would be considered contaminated. The outer wells also acted as 
barriers whereby any evaporation and loss of media that occurred would not affect the test 
wells. The test wells were inoculated with 5 µL broth culture, which had been grown 




After a 24 hour period of incubation at either 37ºC or 30ºC, the plates were read in a 
Microtitre plater reader at 595 nm. This was mainly used to determine the absorbance of cell 
culture in microbiological media and compare that to cell cultures containing additional 
signalling molecules to determine whether those cell signals had any effect on cell growth 
(Koch 1970). Readings prior to inoculation were subtracted from readings after inoculation to 
remove any interference from liquid media/liquid media supplemented with exogenous 
factors i.e. cell signalling molecules.    
 
The wells were then washed three times with distilled water to remove any planktonic growth 
that may settle on the bottom of the wells and/or attach to the side of the wells that may 
provide a false reading in regards to biofilm concentration. The wells were then left to dry for 
45 minutes. 300 µL-400 µL of crystal violet solution (0.5% crystal violet stain dissolved in 
distilled water) was transferred to the test wells. The crystal violet solution was then removed 
and the wells were washed an additional three times. Two hundred microlitres of 95% 
ethanol was transferred to each well and left to sit for 30 minutes to adequately solubilise the 
absorbed crystal violet stain. The crystal violet-ethanol solution was then read in the Bio-Rad 
Benchmark plus Microplate Spectrophotometer Reader (Bio-Rad Laboratories Pty, Ltd. 
Level 5, Gladesville, New South Wales, Australia) at 595 nm. Each assay was conducted at 
least three separate times though averages of each treatment were represented by the number 
of wells used for each treatment over three or more Microtitre plates.  
 
2.2.4. High-performance liquid chromatography 
 
Reverse-phase High-performance liquid chromatography (HPLC) was used primarily in 
isolating the aromatic, heterocyclic compound indole. This compound consists of a benzene 
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ring fused with a pyrrole ring. As such, it is considered to be a non-polar substance (Yagil 
1967) thus requiring a reverse-phase C18 column to isolate this molecule.       
 
The reverse-phase HPLC system used in this study consisted of a DGU-20A5 Prominence 
degasser, SIL-20A Prominence autosampler unit, LC-20AT Prominence liquid 
chromatography solvent delivery system and FRC-10A fraction collector (Shimadzu 
Scientific Instruments (Oceania) Pty Ltd, Mt. Waverly, Victoria, Australia). The system was 
connected to multiple detectors however the only one utilised in this experiment was the RF-
10AXL fluorescence detector. The column used in this study was the Ascentis C18 HPLC 
analytical column (Supelco Analytical, Sigma Aldrich, Australia 10 µm, 4.6 x 250 mm). 
 
The protocol used in this study was based from work done in a previous paper (Sasaki-
Imamura, Yano & Yoshida 2010). In short, 50 µL of effluent was injected into the column. 
Mobile-phase solvent consisting of 50% (vol/vol) HPLC grade methanol-Milli-Q water was 
pumped through the column at a flow rate of 2mL min−1 for 20 minutes. Indole elution 
occurred between 7 and 8 minutes. Excitation wavelength was set at 285nm whereas 
emission wavelength was set at 320 nm. Standards were generated by dissolving indole 
within LB broth to generate a stock solution, which was diluted further in LB broth to 
generate varying concentrations of indole. 
 
Samples were generated by adding 120 µL of overnight culture into Coplin jars to be used in 
the biofilm assay. Samples were then extracted and placed into a centrifuge at 3700 rpm for 
15 minutes to separate the effluent containing the indole from the bioload i.e. culture pellet. 
The effluent was then spun down a second time and after the supernatant was removed from 
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the pellet, it was filtered through 0.20 µm pore minisart filters. The filtrate was then sampled 
through the reverse-phase HPLC. Each test was conducted 3 different times.  
 
The samples tested included culture filtrate of singles-species growth of E. coli and mixed-
species growth of P. aeruginosa PaO1 and E. coli wild type strains. This was to verify if P. 
aeruginosa did hydroxylate indole to produce various forms of hydroxyindole i.e. 
hydroxyindole should not be located in the same elution peak as indole (Lee, Jintae et al. 





Chapter 3 – The effect of cell signalling on motility and biofilm 




There have been multiple studies that have cultivated mixed-species biofilms of P. 
aeruginosa and E. coli, where it has been shown that formation of mixed-species biofilms is 
beneficial to one or both bacterial species. With P. aeruginosa enhancing adhesion of E. coli 
to abiotic surfaces (Klayman et al. 2009) and E. coli enhancing biofilm formation and 
antibiotic resistance of P. aeruginosa through production of the signalling molecule indole 
(Lee, Jintae et al. 2009a), along with increased antimicrobial resistance of mixed-species 
biofilms (Al-Hmoud et al. 2013; Bessa et al. 2015); there is potential that mixed-species 
biofilms could enhance the survivability of both organisms outside of their respective 
reservoirs, as seen in other cases involving these biofilms (Lindsay et al. 2002; Whiteley et 
al. 2001). This can become a concern in relation to whether the presence of these mixed-
bacterial biofilms could further enhance the spread of infection.         
 
This entails that the bacteria are able to co-exist within the same habitat. It is unclear 
specifically whether P. aeruginosa and E. coli are naturally found in mixed-species biofilms 
on abiotic surfaces and within the human body however it had  been determined that 
interactions between these two organisms occurred within runiments (Duncan et al. 1999) 
and these two organism were closely associated with each other in clusters when cultured 
from lung aspirate (Bessa et al. 2015). It is therefore possible that co-cultures may exist 




As P. aeruginosa is known to produce secondary metabolites that are known to impede the 
growth of competing organisms (Hassett et al. 1992), a mechanism to resist those metabolites 
may be necessary for survival within mixed-species biofilms. E. coli are known to produce to 
indole as a by-product of utilising tryptophan as a carbon source (Deeley & Yanofsky 1982; 
Santillán & Zeron 2004). This molecule is known as a signalling molecule that affects gene 
expression within E. coli (Wang, D, Ding & Rather 2001) but has also been shown to down-
regulate gene expression related to toxic metabolite production of P. aeruginosa (Lee, Jintae 
et al. 2009a) and reduce the concentration of toxic metabolites produced by P. aeruginosa 
(Chu et al. 2011; Kuznetsova et al. 2013). 
 
This leads into an experimental aim of this study that is to determine whether indole 
production by E. coli is the primary cause for overcoming P. aeruginosa-related toxic 
metabolites, leading to formation of mixed-species biofilms between those two organisms. As 
such, this was carried out through cultivating dual-species biofilms of P. aeruginosa and E. 
coli within batch cultures to allow for a build-up of those toxic metabolites. It has been 
previously shown that within batch systems, significant reductions in E. coli species within 
mixed-species biofilms alongside P. aeruginosa were visible after a period of approximately 
48 hours (Cerqueira et al. 2013; Chu et al. 2011) whereas another study found that cultivable 
E. coli was able to exist alongside P aeruginosa for up to 192 hours however the effluent was 
removed within a 24 hour period (Cerqueira et al. 2013).     
  
Past research found that P. aeruginosa had facilitated attachment of E. coli to anionic abiotic 
surfaces through protein-coating of the surface however formation of these biofilms were 
formed within flow-systems that facilitated removal of effluent (Klayman et al. 2009; Liu & 
Li 2007) and as a result, would have removed any toxic compounds and secondary 
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metabolites produced by P. aeruginosa that has been shown to be detrimental to the 
survivability of E. coli (Duncan et al. 1999; Hassett et al. 1992).  
 
It has been shown that reductions in biofilm formation of E. coli occur through exogenous 
exposure to indole. The inability of E. coli to produce indole has been shown to increase 
biofilm formation (Lee, Jintae, Jayaraman & Wood 2007b) however increased biofilm 
formation on the part of E. coli may not translate to increased competitiveness alongside P. 
aeruginosa in static cultures if E. coli is unable to neutralise P. aeruginosa virulence factor 
production. As indole production may be a requirement for formation of mixed-species 
biofilms, the cultivation of an indole-deficient strain of E. coli within mixed-species biofilms 
of P. aeruginosa PaO1 would determine if the loss of indole would cause E. coli to be less 
competitive with P. aeruginosa than an E. coli strain capable of indole production.  
 
The use of a P. aeruginosa PaO1 strain incapable of homoserine lactone production 
(Lazenby, J.J. 2010; Lazenby, James J et al. 2013) would assist in determining whether loss 
of AHL production and hence virulence factor production would affect the competitiveness 
of P. aeruginosa within dual-species biofilms of E. coli, regardless of whether E. coli could 
generate indole as a by-product.  
 
It has been previously shown that biofilm formation of E. coli is negatively regulated when 
exposed to indole and n-acyl homoserine lactones through the SdiA receptor protein. Loss of 
this receptor protein was shown to increase biofilm formation in E. coli and prevent negative 
regulation when exposed to these signalling molecules. (Lee, Jintae, Jayaraman & Wood 
2007b). This leads into another experimental aim of this study in determining whether the 
loss of the SdiA receptor within E. coli would further increase competitiveness within mixed-
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species biofilms of P. aeruginosa PaO1 as it would prevent losses in biofilm formation while 
still producing indole to reduce virulence factor production of P. aeruginosa.   
 
A further experimental objective is to determine the influence of temperatures lower than 
37ºC on mixed-species biofilms formation of P. aeruginosa and E. coli. The rationale being 
that biofilm formation (Lee, Jintae et al. 2008) and synthesis of components of surface 
attachment  (Brombacher et al. 2006) of E. coli is significantly increased when transitioning 
from 37ºC to lower temperatures, which are often found outside the human body (White-
Ziegler et al. 2008). As previous studies have shown that increased biomass i.e. EPS 
production increases the chances of survival when exposed to threats (Núñez et al. 2005), 
increased biofilm formation of E. coli at temperatures under 37ºC has the potential to increase 
survivability of E. coli within mixed-species biofilms alongside P. aeruginosa. 
 
3. 1.1 The effect of cell signalling on motility. 
 
It had been suggested previously that the ability of microorganisms to generate biofilms is 
determined to an extent on expression of motility-related genes (O'Toole & Kolter 1998). For 
instance, cells that are generally negatively charged may be repelled by surfaces that hold a 
stronger negative charge. Cell surface structures would overcome those forces to ensure 
irreversible attachment (Liu & Li 2007). Exposure to varying temperatures and cell signalling 
molecules that have been shown to modulate biofilm expression (Lee, Jintae, Jayaraman & 
Wood 2007b) were used to determine the effects on motility to document a possible 





3.2 Results and Discussion  
 
3.2.1 The effect of indole on motility  
The addition of 1 mM indole did not show any discernible reductions/elevations in swimming 
motility of P. aeruginosa at either 30ºC or 37ºC that did not fall outside the margin of error 
(fig 3.1). For instance, the average distance from the centre of the inoculation point to the end 
of the motile zone was the same for the wild-type grown at 37ºC, regardless if indole was 
present. At 30ºC, the range of motility dropped from 1.28cm to 1.17cm with the addition of 1 
mM indole. This has been seen in previous research where indole produced only a slight 
decrease in swimming motility when P. aeruginosa PaO1 was grown for 24 hours at 37ºC 
(Lee, Jintae et al. 2009a).   
 
The absence of homoserine lactones in P. aeruginosa PaO1 was shown to increase swimming 
motility where the wild-type strain produced a smaller zone of motility than the P. 
aeruginosa PaO1ΔlasI/RΔrhlI/R mutant strain (fig. 3.1). For instance, at 37ºC while P. 
aeruginosa PaO1 wild type produced an average distance of 1.83 cm from the point of 
inoculation, the mutant strain produced a distance of 1.92 cm from the point of inoculation in 
the absence of indole and a distance of 2.05 cm from the point of inoculation in the presence 
of 1.0 mM indole. At 30ºC, this trend continued where the mutant strain produced a distance 
of 1.38 cm from the point of inoculation in the absence of indole and a distance of 1.47 cm 
from the point of inoculation in the presence of 1.0 mM indole.  
 
This data indicates that reductions in motility occur from reducing the temperature from 37ºC 
to 30ºC and that this reduction in motility appears to be independent of AHL production.  
Past research found no difference between swimming motility of the wild-type strain of P. 
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aeruginosa and the AHL-deficient strain (Shrout et al. 2006) however it may be possible that 
as rhlI/R up-regulates export of type-IV pili (Geisenberger et al. 2000), and that type-IV pili 
export may impede movement of flagella then lack of pili extruding from the cell envelope as 
a result of lack of RhlI/R production (Shrout et al. 2006) may increase swimming motility 
within P. aeruginosa.   
 
The increase in motility corresponding to increasing temperatures does conflict with past 
work where it was determined that genes related to flagellum/pilus production and motility 
were induced at lower temperatures between 22ºC-25ºC rather than 37ºC (Barbier et al. 2014; 
Termine & Michel 2010) whereas others found  a minimal difference in expression of genes 
related to flagella and type-4 pili at 28ºC and 37ºC (Wurtzel et al. 2012). That being said, 
genes related to the type-I, II and III secretion systems significantly induced at 37ºC, 
compared to lower temperatures (Barbier et al. 2014; Wurtzel et al. 2012).  
 
Motility-deficient strains of P. aeruginosa also were shown to be much less virulent than the 
wild-type strain (Drake & Montie 1988). Membrane-based proteins like flagella are involved 
in the early stages of infection in terms of attachment to mucin on the surface of epithelial 
cells (Lillehoj, Kim & Kim 2002), formation of biofilms through mucin binding (Landry et 
al. 2006), and dissemination of the bacteria to further the spread of infection (Arora et al. 
2005). They also have the propensity to be a delivery system for other virulence factors (van 
Gijsegem et al. 1995; Young, Schmiel & Miller 1999) and have been known to elicit release 
of pro-inflammatory cytokines (Szabó 2003). With flagella being associated with virulence, it 
may be possible that P. aeruginosa PaO1 are more motile at 37ºC as opposed to 30ºC to 




The addition of 1 mM indole was shown to negatively affect motility within E. coli. 
Reductions in motility through exposure to indole also occurred in the tnaA and sdiA mutant 
strains (fig. 3.2). For instance, at 37ºC the addition of 1 mM indole reduced motility of wild-
type E. coli K-12 from 3.76 cm to 1.50 cm. This was also seen with the other two mutant 
strains as the tnaA and sdiA mutant strains had motility levels reduced from 2.68 cm to 0.90 
cm and 2.43 cm to 0.73 cm, respectively.  This effect has been demonstrated in past work 
where the addition of 500 µM indole led to decreased motility in the wild-type and the tnaA 
and sdiA deficient strains of E. coli. As the SdiA receptor was thought to be responsible for 
reducing biofilm formation in the presence of indole (Lee, Jintae, Jayaraman & Wood 
2007b), the reductions in motility of the sdiA-deficient strain in the presence of indole began 
to highlight discrepancies the effects indole had on that receptor. Nether-less, this indicated 

























Figure 3.1. Motility assay of P. aeruginosa PaO1 wild-type and P. aeruginosa PaO1ΔlasI/RΔrhlI/R mutant 
strain. 5 µL of 24 hour LB broth culture was inoculated into the centre of motility either containing 
0 mM or 1 mM indole. Plates were incubated at a) 37ºC and b) 30ºC for 24 hours. Motility was 
determined by measuring from the point of inoculation to the end of the zone of motility (Mean 
±standard error, n = 6).  * between each histogram  indicate significant difference between values 
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Figure 3.2.  Motility assay of E. coli K-12 wild type, E. coliΔtnaA and E. coliΔsdiA strains. 5 µL of 24 hour LB 
broth culture was inoculated into the centre of motility plates, either containing 0 mM or 1 mM 
indole. Plates were incubated at a) 37ºC and b) 30ºC for 24 hours. Motility was determined by 
measuring from the point of inoculation to the end of the zone of motility (Mean ±standard error, n 
= 4). * between each histogram  indicate significant difference between values at P<0.05.   










Indole also negatively affected the wild-type E. coli and the two mutant strains by reducing 
levels of motility. It reduced motility from 1.63 cm to 0.78 cm in the wild-type whereas it 
reduced motility in the tnaA and sdiA strain from 1.05 cm to 0.58 cm and from 0.98 cm to 
0.60 cm, respectively (fig. 3.2).  
 
The data within this assay had also determined that reducing the temperature from 37ºC to 
30ºC resulted in large reductions in E. coli motility. Past work had also looked into the effect 
of temperature on motility and while they did not find any changes in E. coli motility when 
the temperature was lowered to 30ºC from 37ºC, they did discover significant reductions in 
gene expression related to flagella assembly and activation (Lee, Jintae et al. 2008).     
 
Furthermore, the tnaA and sdiA mutant strains both produced less motility than the wild-type 
strain (fig. 3.2). Past work had seen reductions in motility in the tnaA mutant strain when 
compared the wild-type strain (Lee, Jintae, Jayaraman & Wood 2007b) however as the 
addition of indole to tnaA strains reduced motility (fig 3.2) and expression of motility-related 
genes (Lee, Jintae et al. 2008) then it could be presumed that of loss of production of indole 
would increase rather than decrease motility of E. coli. That being said, as the tnaA-mutant 
was less motile than the wild-type at 30ºC (fig 3.2) and as genes related to pili and flagellar 
had an approximate 2-fold reduction in expression within a tnaA mutant strain (Lee, Jintae, 
Jayaraman & Wood 2007b) strain, this may indicate that the production of TnaA may be a 
positive factor for motility of E. coli.   
 
Reductions in motility of the sdiA mutant when compared to the wild-type at 30ºC (fig. 3.2) 
conflicts with past research where the loss of the SdiA receptor within E. coli had enhanced 
rather than reduced motility when compared to the wild-type (Lee, Jintae, Jayaraman & 
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Wood 2007b). Further analysis determined that a functional sdiA coding sequence led to 
dramatic decreases in expression regarding genes related to E. coli flagella production and 
motility (Lee, Jintae et al. 2008; Sharma, VK, Bearson & Bearson 2010).   
 
3.2.2 Measurements of biofilm production  
 
3.2.2.1. Biofilm production of P. aeruginosa PaO1 and E. coli K-12 exposed to 
exogenous indole  
 
3.2.2.1.1 E. coli – Planktonic Cell growth 
 
The addition of indole at 0.5 mM and 1.0 mM had no discernible impact on E. coli planktonic 
growth (fig. 3.3), which is not surprising given that it was shown that indole concentrations 
only became lethal to E. coli that exceed 2 mM (Wang, D, Ding & Rather 2001).  E. coli 
grown at 37ºC did produce higher levels of growth than E. coli grown at 30ºC (fig 3.3). As E. 
coli has an optimal growth temperature of 37ºC, any diversion from that temperature could 
result in reduced growth (Prescott, Harley & Klein 2005). The addition of 0.5 mM and 1 mM 
indole did not affect absorbance readings of LB broth.      
 
3.2.2.1.2 E. coli – Biofilm production in the presence of indole. 
 
Figure 3.4 demonstrates that indole did negatively impact biofilm formation of E. coli K-12 
as crystal violet absorption (represents biofilm production) decreased from 0.98 to a reading 
of 0.56 with the addition of 1 mM indole. This effect was also seen in the tnaA and sdiA 
mutant strains where relative biofilm production of the tnaA-deficient strain was reduced 
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from 1.14 to 0.62 whereas biofilm production of the sdiA-deficient strain was reduced from 
1.18 to 0.68 (fig. 3.4). This effect was demonstrated in past research where the addition of 
indole was shown to significantly impact E. coli biofilm production (Lee, Jintae, Jayaraman 
& Wood 2007b; Lee, Jintae et al. 2008) and impact UMP and cyclic-di-GMP biosynthesis at 
30ºC (Lee, Jintae et al. 2008), which have been shown to be a requirement to induce cellulose 
production, a major component of E. coli biofilms (Garavaglia, Rossi & Landini 2012).   
 
Even though the tnaA and sdiA-deficient strains had biofilm reduced when exposed to indole, 
biofilm recovery was still greater than that of the wild-type strain i.e. in the presence of 1 mM 
indole wild-type biofilm recovery was 0.56 whereas sdiA mutant strain biofilm recovery was 
0.68. Increases in biofilm biomass production in the tnaA deficient strain of E. coli when 
compared to the wild-type strain at 30ºC were seen due to loss of indole synthesis preventing 
negative biofilm regulation within E. coli (Lee, Jintae, Jayaraman & Wood 2007b) whereas 
removal of the sdiA coding sequence was previously shown to produce a 51-fold increase in 
production of biofilm (Lee, Jintae, Jayaraman & Wood 2007b) and significantly induce genes 
related to UMP biosynthesis (Lee, Jintae et al. 2008).    
 
Significant reductions in E. coli biofilm formation, regardless of mutation also occurred when 
the temperature was increased to 37ºC. For instance, crystal violet absorption readings of the 
E. coli wild-type strain were reduced from 0.98 to 0.22 (fig 3.4). This corroborates with past 
work that indicated genes involved in uracil/UMP synthesis, hence cellulose production were 
induced significantly at 30ºC as opposed to 37ºC whereas genes related to motility were 
significantly reduced at 30ºC (Lee, Jintae et al. 2008). This indicates a possible shift from a 




The addition of indole seemed to have no affect on biofilm formation at this temperature as 
the average OD readings increased from 0.22 to 0.24 when E. coli K-12 was grown in 1 mM 
indole (fig 3.4). This effect was also seen in previous work where indole was shown to have a 
major impact on genes related to UMP synthesis at 30ºC while having a minor impact on that 
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Figure 3.3 Cell growth of E. coli K-12 wild-type, E. coliΔtnA and E. coliΔsdiA. 5µL of overnight culture at 
37ºC in LB broth was used to inoculate 200µL of LB broth in Microtitre plates, incubated for 24 
hours. Indole concentrations included 0 mM, 0.5 mM and 1.0 mM. Incubation temperatures 
included a) 37ºC and b) 30ºC. Cell growth recorded as turbidity readings at OD595nm within a 
Microtitre plate. Absorbance of LB+ indole preparations were subtracted from final readings to 
minimise interference of media absorbance in determining cell growth. Mean ±standard error, n = 
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Figure 3.4. Biofilm production of E. coli K-12 wild-type, E. coliΔtnaA and E. coliΔsdiA. 5µL of overnight 
culture at 37ºC in LB broth was used to inoculate 200µL of LB broth in Microtitre plates, 
incubated for 24 hours. Indole concentrations included 0 mM, 0.5 mM and 1.0 mM. Incubation 
temperatures included a) 37ºC and b) 30ºC. Wells in Microtitre plates were resuspended in 200 µL 
0.5% crystal violet solution. Wells were then washed and resuspended in 200µL 95% ethanol. 
Biofilm formation was recorded as OD595nm readings in a Microtitre plate reader. Mean 
±standard error, n = 80.  * between each histogram  indicate significant difference between values 












3.2.2.1.3 P. aeruginosa – Planktonic cell growth in the presence of indole. 
 
P. aeruginosa PaO1 turbidity and hence growth was neither substantially induced nor 
repressed in the presence of indole (fig. 3.5). For instance, average turbidity readings of P. 
aeruginosa PaO1 wild-type grown at 37ºC were 1.27 in the absence of indole and were 
reduced to 1.20 in the presence of 1 mM indole. This is not surprising as past research 
indicated that indole at concentrations related to production via E. coil i.e. between 0.5 mM 
and 1.0 mM, was not toxic to P. aeruginosa (Lee, Jintae et al. 2009a; Lee, Jintae et al. 2007a; 
Lee, Jintae, Jayaraman & Wood 2007b). 
 
A point of interest that was noticed was that the overall appearance of cultures of P. 
aeruginosa PaO1 varied when grown at the two different temperatures where pigment 
production was visibly stronger at 37ºC in comparison to 30ºC. Overnight cultures of P. 
aeruginosa PaO1 were then grown overnight at three different temperatures, including 25ºC, 
30ºC and 37ºC and were then photographed to document this finding (fig. 3.6). A stark 
contrast was observed in cultures grown at 25ºC compared to cultures grown at 37ºC. The 
concentration of the strength of the green pigment appeared to correlate with increasing 
temperatures.  
 
Previous work indicated that production of pyocyanin, a blue-green phenazine compound, 
was significantly greater at higher temperatures such as 37ºC than lower temperatures such as 
28ºC (Huang et al. 2009; Wurtzel et al. 2012). It is highly likely that the changes in 
temperature had affected pyocyanin production, and as a result caused the visual differences 
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Figure 3.5. Cell growth of P. aeruginosa PaO1 wild-type and P. aeruginosa PaO1ΔlasI/RΔrhlI/R mutant 
strain. 5µL of overnight culture at 37ºC in LB broth was used to inoculate 200µL of LB broth in 
Microtitre plates, incubated for 24 hours. Indole concentrations included 0 mM, 0.5 mM and 1.0 
mM. Incubation temperatures included a) 37ºC and b) 30ºC. Cell growth was recorded as turbidity 
readings using OD595nm wavelength within a Microtitre plate. Absorbance of LB+ indole 
preparations were subtracted from final readings to minimise interference of media absorbance in 
determining cell growth. Mean ±standard error, n = 80.  * between each histogram  indicate 
significant difference between values at P<0.05.   
* * 
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Figure 3.6. Effluent of P. aeruginosa PaO1 wild-type. Incubation occurred for a 24–hour period at 
temperatures of a) 25ºC, b) 30ºC and C) 37ºC. Effluent was taken from conical flasks and spun 
down in a centrifuge at 3700rpm for 15 minutes. Supernatant was removed and placed into vessels 
for observation.   
 
3.2.2.1.4 P. aeruginosa - Biofilm production in the presence of indole   
 
Researchers had previously determined that indole enhanced biofilm formation of P. 
aeruginosa with a 1.8-fold increase (Lee, Jintae et al. 2009a). This was seen within this study 
as crystal violet readings of P. aeruginosa PaO1ΔlasI/RΔrhlI/R at 37ºC increased from 0.95 
to 1.08 (fig 3.7) however this increase was smaller than the increases seen within this past 







Furthermore, addition of 1.0 mM indole to P. aeruginosa PaO1 grown at 37ºC and P. 
aeruginosa PaO1ΔlasI/RrhlI/R grown at 30ºC generated reductions in biofilm formation 
when compared to biofilm production with no exogenously-added indole. Another issue seen 
with the wild-type P. aeruginosa PaO1 strain grown at either temperature and the AHL 
mutant strain grown at 37ºC was that the addition of 0.5 mM indole generated less biofilm 
than biofilm production in the presence of no indole (fig. 3.7). This highlights some 
inconsistencies on whether biofilm formation of P. aeruginosa PaO1 is induced via exposure 
to indole. 
 
A noticeable difference in biofilm production of P. aeruginosa PaO1 wild-type was seen 
when grown at 30ºC and 37ºC (fig 3.7). At 37ºC and no added indole, average crystal violet 
readings were 1.72 whereas at 30ºC, readings dropped to 1.16. This effect was also seen 
when indole was added to the culture medium.  
 
The reduction in biofilm production as a consequence of reductions in temperature is 
resultant from reduced activity of the las/rhl quorum sensing system that is up-regulated at 
37ºC and reduced when the temperature deviates to a lower temperature (Barbier et al. 2014; 
Huang et al. 2009; Wurtzel et al. 2012). This deviation from optimal temperature results in 
reduced activation of sequences related to lectin production, a key component in P. 
aeruginosa adhesion and biofilm formation (Diggle et al. 2006; Tielker et al. 2005). 
Reductions in temperature also lead to reductions in concentrations of phenazine-related 
compounds PCA and pyocyanin, which are also induced through the 3-oxo-C12-HSL/LasR 
complex (Barbier et al. 2014; Huang et al. 2009; Wurtzel et al. 2012). These compounds 
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have previously been linked to biofilm formation where reduced concentrations of pyocyanin 
and PCA resulted in significant losses in biofilm biomass (Wang, Y et al. 2011). 
 
P. aeruginosa PaO1ΔlasI/RΔrhlI/R mutant strain did not see the same reductions in biomass 
when the temperature was lowered to 30ºC i.e. crystal violet absorption with no additional 
indole increased from 0.95 to 1.16 whereas crystal violet absorption with addition of 1 mM 
indole decreased from 1.07 to 1.02.  
 
The lack of reduction of biofilm at lower temperatures with the use of this mutant-strain in 
compared to the wild-type strain results from the lack of LasI and RhlI production that would 
up-regulate genes that promote production of biofilms (Barbier et al. 2014). 
 
3.2.2.2  Biofilm production of E. coli K-12 exposed to exogenous C4-HSL 
 
3.2.2.2.1 E. coli – Planktonic Cell growth 
 
The addition of C4-HSL appeared to have no effect on cell growth of the E. coli wild-type 
and the sdiA mutant strains however compared to the wild-type strain, the E. coliΔsdiA strain 
produced noticeably higher levels of planktonic growth, regardless of C4-HSL concentrations 
(fig. 3.8). SdiA induces expression of ftsq2p, which in turn promotes expression of ftsQAZ, 
leading to cellular division however even with the loss of ftsq2p, another promoter of cellular 
division has been shown to be active to compensate for this loss (Garcia-Lara, Shang & 




Induction of ftsq2p was shown to be enhanced by 40% with the introduction of C4-HSL, 
indicating that SdiA binds to this AHL signal to enhance cellular division (Lee, Jintae, 
Jayaraman & Wood 2007b). The results within figure 3.8 however indicate that little changes 






Figure 3.7. Biofilm production of P. aeruginosa PaO1 wild-type and P. aeruginosa PaO1ΔlasI/RΔrhlI/R 
mutant strain. 5µL of overnight culture at 37ºC in LB broth was used to inoculate 200µL of LB 
broth in Microtitre plates, incubated for 24 hours. Indole concentrations included 0 mM, 0.5 mM 
and 1.0 mM. Incubation temperatures included a) 37ºC and b) 30ºC. Wells in Microtitre plates 
were resuspended in 200µL 0.5% crystal violet solution. Wells were then washed and resuspended 
in 200µL 95% ethanol. Biofilm formation recorded as OD595nm readings in a Microtitre plate 
reader. Mean ±standard error, n = 80.  * between each histogram  indicate significant difference 
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Figure 3.8. Cell growth of E. coli K-12 wild-type and E. coliΔsdiA. 5µL of overnight culture at 37ºC in LB broth was used to inoculate 200µL of LB broth in Microtitre plates, 
incubated for 24 hours at 30ºC. C4-HSL concentrations included a) 5 µM and 10 µM, b) 50 µM and 100 µM and c) 500 µM and 1000 µM whereas d) included 
concentrations of 3.45 µl/ml and 6.9 µL/mL ethyl acetate. Each experiment had their own in internal controls of 0 µM concentrations. Cell growth was recorded as 
turbidity readings using OD595nm wavelength within a Microtitre plate. Absorbance of LB+ C4-HSL preparations were subtracted from final readings to minimise 









interference of media absorbance in determining cell growth. Mean ±standard error, n = 60. * between each histogram  indicate significant difference between 
values at P<0.05.   
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3.2.2.2.2 E. coli – Biofilm production in the presence of C4-HSL 
 
The results presented within figure 3.9 indicate that n-butyryl homoserine lactone (C4-HSL), 
when compared to the internal control of each Microtitre plate with no added C4-HSL 
produced no discernible change in biofilm production between 5 µM to 100 µM. For 
instance, on the Microtitre plate containing concentrations of 50 µM and 100 µM C4-HSL, E. 
coli wild-type containing no added AHL produced a crystal violet reading of 1.13 whereas 
the addition of 100 µM C4-HSL produced a reading of 1.10. Similar results were seen with 
the sdiA mutant where crystal violet readings were reduced from 1.29 to 1.21. This is 
contradictory to previous work where it was demonstrated that 10 µM C4-HSL was sufficient 
enough to significantly reduce biofilm formation of E. coli and that loss of the SdiA receptor 
protein would prevent such reductions in biofilm formation (Lee, Jintae, Jayaraman & Wood 
2007b; Lee, J. et al. 2009b).  
  
It had been previously shown that P. aeruginosa PaO1 strain PT5 produced 10.24 ± 0.51 µM 
C4-HSL in broth culture (Favre-Bonté, Köhler & Van Delden 2003) however it had also been 
shown that a P. aeruginosa PaO1 strain produced a much higher concentration of 3-oxo-C12-
HSL in biofilm compared to planktonic cultures (632 ± 381 µM in biofilm compared to 14 ± 
3 µM in effluent) (Charlton et al. 2000). This merited the use of much higher concentrations 
of C4-HSL though with the use of these concentrations, the concentration of the solvent that 
C4-HSL was dissolved in (acidified ethyl-acetate) also increased in potency. This required 
the use of biofilm assays with growth medium supplemented with appropriate concentrations 



















Figure 3.9. Biofilm formation of E. coli K-12 wild-type and E. coliΔsdiA. 5 µL of overnight culture at 37ºC in LB broth was used to inoculate 200 µL of LB broth in Microtitre 
plates, incubated for 24 hours at 30ºC. C4-HSl concentrations included a) 5 µM and 10 µM, b) 50 µM and 100 µM and c) 500 µM and 1000 µM. Each experiment 








washed and resuspended in 200 µL 95% ethanol. Biofilm formation recorded as OD595nm readings in a Microtitre plate reader. Mean ±standard error, n = 60. * 




The use of higher concentrations, which included 500 µM and 1000 µM of C4-HSL was 
shown to noticeably reduce biofilm formation. For instance, crystal violet readings of the E. 
coli wild-type strain was reduced from 1.44 to 1.25 with the addition of 500 µM C4-HSL and 
then further reduced to 0.99 with the addition of 1 mM C4-HSL (fig 3.9). That being said, the 
degree of biofilm reduction with the use of these concentrations was also seen in the E. 
coliΔsdiA mutant strain. Crystal violet readings were reduced from 1.44 to 0.92 when 
exposed to 1 mM C4-HSL. This E. coli mutant had previously been shown to be resistant to 
C4-HSL as they had determined that the SdiA receptor protein was the receptor that binds to 
homoserine lactones to reduce biofilm production (Lee, Jintae, Jayaraman & Wood 2007b). 
 
This indicated that there was possibly something else that may have been affecting biofilm 
formation in E. coli. It was determined that the solvent used to solubilise C4-HSL at 
concentrations of 500 µM and 1 mM had shown dose-dependent reductions in biofilm 
production of the wild-type and sdiA mutant strains (fig. 3.9). This indicates that reductions 
in biofilm formation were most likely the work of the solvent used to dissolve C4-HSL rather 
than the work of the signalling molecule.  
 
3 2.3- Measurements of extracellular indole within culture effluent using High-
performance Liquid Chromatography (HPLC) 
 
Analysis of culture effluent indicated that over a 24 hour period, despite the different 
incubation temperatures, indole production averaged around 300 µM (fig. 3.10). There were 
larger standard errors in indole recovery in E. coli incubated at 30ºC and 37ºC in comparison 
to 25ºC however they fell within the same standard error as 25ºC. This level of recovery was 
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expected, given that previous work had determined the maximum concentration of indole 
produced by E. coli was 600 µM (Wang, D, Ding & Rather 2001).   
 
 
Figure 3.10. Extracellular indole production of a single-species culture of E. coli K-12 wild-type and a mixed 
culture of E. coli K-12 and P. aeruginosa PaO1 wild-type. Cultures were grown for 24 hours at 
25ºC, 30ºC and 37ºC in Coplin jars containing LB miller broth. Cultures were then placed in a 
centrifuge to extract the effluent. Experiments were conducted at least 3 times. Cultures were 
analysed with a reverse-phase HPLC, using an Ascentis C18 HPLC analytical column (Supelco, 10 
µm, 4.6 x 250 mm). Mean ±standard error, n = 3. * between each histogram  indicate significant 
difference between values at P<0.05.   
   
 
Previous research had indicated that expression of the tnaABC operon was induced to a 
greater extent at 30ºC rather than 37ºC (Lee, Jintae et al. 2008).  A later study however 
determined that within 16 hours, indole excretion occurred at near identical concentrations at 
25ºC and 37ºC, and that indole production was only significantly increased at 50ºC (Han et 
al. 2011). This indicates that within 24 hours, indole production by E. coli will not be 
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Analysis of effluent was also conducted on mixed-species cultures of P. aeruginosa and E. 
coli wild-type strains. Indole concentrations in mixed culture were significantly lower than 
indole concentrations of single species E. coli. For instance, while extracellular indole 
recovered from single-species effluent at 25ºC was 292.48 µM, the mixed-species counterpart 
was 36.49 µM. This was also seen in the mixed-species effluent at 30ºC and 37ºC, which 
were reduced from 294.11 µM to 24.55 µM and 279.82 µM to 11.96 µM, respectively (fig. 
3.10).  
 
A difference in indole recovery between single-species and mixed-species effluent may rest 
on lack of access to nutrients that may prevent E. coli from synthesizing the tryptophan 
needed to generate indole as it has been shown that E. coli metabolism was reduced in co-
cultures with P. aeruginosa strains compared to single-species cultures (Kuznetsova et al. 
2013) however multiple studies have demonstrated that  E. coli are able to compete with P. 
aeruginosa in biofilms and in fluid-co cultures (Cerqueira et al. 2013; Chu et al. 2011; 
Klayman et al. 2009; Kuznetsova et al. 2013). Furthermore indole is produced as a result of 
E. coli using tryptophan as a source of carbon ergo an environment with a strong prevalence 
of an available carbon source would hinder production of indole (Wyeth 1919).  
 
The most likely scenario is that P. aeruginosa PaO1 produces an oxidase that converts indole 
into hydroxyindole. Hydroxyindole tends to have a shorter retention time than indole (Lee, 
Jintae et al. 2009a; Lee, Jintae et al. 2007a) and as a result, may end up lost in the other peaks 
in the chromatograph i.e. components of LB/other cellular products that are excreted initially 
as they are polar compounds. P. aeruginosa was shown to significantly degrade indole and 7-
hydroxyline within 10 hours however indole and 7-hydroxyindole was shown to not be 
utilised as a sole source of carbon by P. aeruginosa, indicating that P. aeruginosa would 
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utilise another source of carbon before resorting to consuming indole/hydroxylated indole 
(Lee, Jintae et al. 2009a). 
         
Even though there was a stark difference between indole produced by E. coli in single-
species culture and in mixed-species cultures, the difference between the three different 
incubation temperatures used to incubate both single and mixed-species cultures was not 
significantly different (fig. 3.10). This effect has been seen in previous work where they 
determined that indole production in E. coli between 25ºC and 37ºC was not significantly 
different, and that significant differences were only seen when temperatures were raised to  
50ºC (Han et al. 2011). 
 
This experiment does not quantify the levels of expression of indole-producing genes at 
varying temperatures and does not determine the rate of production of indole however it 
indicated that within a twenty-four hour period, regardless of temperature within a certain 
range (25ºC to 37ºC), extracellular indole of E. coli wild-type strain was released into the 
environment and accumulated at a relatively consistent concentration. It also indicated that 
indole within co-cultures is largely reduced when compared to single-species cultures. This 
information is pertinent in determining the interactions between E. coli and P. aeruginosa 
when grown in mixed-species biofilms at varying temperatures, in relation to the level of 
indole excretion possibly having an effect on P. aeruginosa. 
  
3. 3 -  General Discussion 
 
It had been shown in previous research that the extracellular signal indole, produced by E. 
coli, and the n-acyl homoserine lactones 3-oxo-C12-HSL and C4-HSL, produced by P. 
99 
 
aeruginosa, not only had an impact on the producing bacteria but also affected the opposing 
bacteria within mixed-species biofilms. It was shown that E. coli produced the SdiA receptor 
to recognise AHL molecules and in doing so, increased levels of acid resistance (Soares & 
Ahmer 2011) while decreasing biofilm formation. This effect was seen with 10 µM C4-HSL 
as opposed to 3-oxo-C12-HSL (Lee, Jintae, Jayaraman & Wood 2007b).  
 
Later research however determined that 3-oxo-C6-HSL, while recognised by the SdiA 
receptor, failed to induce any impact on E. coli biofilms. This may have been resultant of 
indole produced by E. coli interfering with the ability of the SdiA receptor to interact with 
AHL molecules (Sabag-Daigle et al. 2012). The presence of indole has also been shown to 
up-regulate transcription of the sdiA codon (Lee, Jintae, Jayaraman & Wood 2007b), 
indicating that the reduction in AHL recognition of the SdiA receptor was not resultant of 
indole affecting concentrations of the SdiA protein.   
 
The noticeable trend found within work conducted for this thesis was that C4-HSL was 
unable to reduce biofilm formation of E. coli up until concentrations of 500 µM. The 
concentrations of 500 µM and 1000 µM of C4-HSL however reduced biofilm formation in 
both the wild-type and the sdiA-deficient mutant strain of E. coli K-12. Furthermore, similar 
trends in reducing biofilm production were seen when E. coli cultures were exposed to 
solvent concentrations that matched concentrations found within broth media containing 500 
µM and 1000 µM C4-HSL. This indicates that the reductions in biofilm formation were more 
than likely caused by the solvent used to dissolve the signalling molecule rather than the 
signalling molecule.   




Indole was shown to reduce biofilms production of E. coli by way of interaction with the 
SdiA receptor (Lee, Jintae, Jayaraman & Wood 2007b) however later research found that 
biofilm formation of an SdiA  mutant strain of E. coli  was still reduced at both 25ºC and 
37ºC  (Bunders et al. 2011; Lee, Jintae et al. 2008). Further work then determined that the 
SdiA receptor was unresponsive in the presence of 1 mM indole (Sabag-Daigle et al. 2012).  
 
The data collected within this thesis determined that indole reduced biofilm formation 
regardless of whether it contained the sdiA coding sequence. This discrepancy in results of 
whether indole affects biofilm production of the sdiA mutant strain is perplexing as the E. coli 
wild-type and mutant strains used within this thesis were the same strains used within studies 
that determined that indole had reduced biofilm production of E. coli but failed to do so in 
regards to the sdiA mutant strain (Lee, Jintae, Jayaraman & Wood 2007b). The original 
authors that proposed this theory were involved in later work that had demonstrated that 
indole inhibited biofilm formation of the sdiA mutant strain at 25ºC but not at 30ºC(Lee, 
Jintae et al. 2008). If indole was supposed to reduce biofilm formation in E. coli through sdiA 
then it would be safe to assume that deletion of this coding sequence would result in limited 
reductions in biofilm formation rather than reductions in biofilm formation correlating with 
increasing concentrations of indole. It is unclear as to why this occurred however it does 
present doubt on the supposed action indole has on SdiA in relation to biofilm formation.    
 
P. aeruginosa had been shown to produce monooxygenases to convert indole into 
hydroxylindole, and in doing so increase biofilm formation while decreasing virulence factor 
production i.e. production of phenazine pigments such as pyocyanin (Lee, Jintae et al. 2009a) 
however results did not show a discernible trend where increasing concentrations of indole 
correlated with increased biofilm production.  
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The primary focus of this study was initially going to be on the interspecies-relationship 
between P. aeruginosa and E. coli and how the production of cell-signalling molecules would 
affect the formation of mixed-species biofilms and the proliferation of each organism within 
those biofilms. This would include the cultivation of mixed-species biofilms of mutant strains 
lacking the production/recognition of these signals. For instance, a mutant strain of P. 
aeruginosa PaO1 lacked the production/recognition of its own signalling molecules, C4-HSL 
and 3-oxo-C12-HSL whereas the E. coliΔtnaA strain lacked the production of indole.  
 
It was during the time of experimentation of single-species biofilms and planktonic cultures 
of wild-type and mutant strains of P. aeruginosa PaO1 and E. coli K-12 responding to the 
aforementioned extracellular signalling molecules that a paper was published that had carried 
out the majority of experiments involving dual-species biofilms of P. aeruginosa PaO1 and 
E. coli K-12 where they determined indole was a primary factor in allowing E. coli to 
establish itself within a biofilm alongside P. aeruginosa PaO1 (Chu et al. 2011).  
 
This recent work found that E. coli with a tnaA deletion mutation had reduced its length of 
survivability within mixed-species biofilms of P. aeruginosa when compared to mixed-
species biofilms of P. aeruginosa and the E. coli wild-type strain. This was due to the lack of 
indole production as supplementation of indole to P. aeruginosa/E. coliΔtnaA biofilm 
cultures restored the ability of the mutated E. coli to wild-type levels (Chu et al. 2011). This 
was purported to be primarily due to indole attenuating P. aeruginosa virulence factors thus 
allowing E. coli to survive in the same environment (Chu et al. 2011; Kuznetsova et al. 2013; 




The notion that indole affects virulence factors thus allowing E. coli to survive was further 
tested using P. aeruginosa strains that contained deletion mutations for producing AHL 
synthases (P. aeruginosa ΔrhlI and P. aeruginosa ΔrhlIlasI). As virulence factors were up-
regulated by AHL synthase production, virulence factor concentrations had dropped thus E. 
coliΔtnaA cellular concentrations had increased within mixed-species biofilms. This allowed 
E. coliΔtnaA to compete with P. aeruginosa mutants in a dual-species environment (Chu et 
al. 2011). 
 
As a result, this thesis still experimented with cultivating dual-species biofilms involving P. 
aeruginosa PaO1 and E. coli whilst utilising both wild-type and mutant strains of these two 
bacteria however due to the prospective research already being published and the lack of 
substantial findings involving cell-signalling molecules impacting biofilm formation, the 
focus of this study shifted from cell-signalling onto another experimental variable that had 
presented more distinct results.      
 
A point of interest was found when exposing the microorganisms to various temperatures. 
For instance, it was found that biofilm concentrations within static cultures of E. coli 
increased significantly at 30ºC when compared to 37ºC.  
 
Curli have been identified as the protein component of biofilms. The CsgD regulator protein 
induces expression of the csgAB operon and csgDEFG regulon, which causes the synthesis of 
curli fibres and the assembling of these fibres into external cellular structures. They also are 
indirectly involved in cellulose production, a significant component of E. coli biofilms. The 
CsgD protein indirectly activates yaiC (also known as adrA - gene produces cyclic-di-GMP 
in E. coli). Cyclic-di-GMP complex then binds to the PilZ domain on BcsA (cellulose 
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synthase enzyme). It is postulated that this activates the enzyme to generate cellulose fibres 
(Barnhart & Chapman 2006; Da Re & Ghigo 2006; Römling & Amikam 2006; Weber et al. 
2006). Uridine monophosphate (UMP) synthesis via the UMP biosynthetic pathway has been 
to shown to be imperative to the activation of genes related to curli synthesis, including the 
regulator sequence csgD. As a result, expression of adrA, which is required for induction of 
the operon related to production of cellulose, is  inter-related with the UMP biosynthetic 
pathway (Garavaglia, Rossi & Landini 2012). Past work had shown that expression of the 
csgEFG operon and csgD, along with genes related to UMP biosynthesis is induced within E. 
coli to a greater extent at 30ºC than 37ºC (Lee, Jintae et al. 2008).  
 
The crl protein has been shown to induce curli/cellulose expression by facilitating binding of 
RpoS (stationary phase signal) to the promoter region of csgD (Barnhart & Chapman 2006), 
which in turn will up-regulate the csgBA operon and csgDEFG regulon. This was shown to 
occur at 30ºC however was non-existent at 37ºC (Bougdour, Lelong & Geiselmann 2004; 
Brombacher et al. 2006).  
 
The increased level of E. coli biofilm formation seen when reducing the temperature from 
37ºC to 30ºC negatively correlated with E. coli motility under the same environmental 
conditions. This effect has also been seen in past work where motility-related expression was 
reduced yet biofilm-related expression was increased at 30ºC rather than 37ºC (Lee, Jintae et 
al. 2008). This indicates that reducing the temperature from 37ºC to 30ºC may force E. coli to 
transition from a planktonic to a biofilm-producing state.   
 
The change in temperature also led to changes in pigment production, which occurred when 
growing P. aeruginosa cultures at different temperatures. Visibly lower levels of green 
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pigment were apparent when incubating P. aeruginosa PaO1 at 25ºC and 30ºC in comparison 
to 37ºC.  
 
Analysis of dual-species biofilms of P. aeruginosa and E. coli is a subject matter that many 
have investigated (Al-Hmoud et al. 2013; Cerqueira et al. 2013; Chu et al. 2011; Klayman et 
al. 2009; Kuznetsova et al. 2013; Machado et al. 2012) however it is not apparent that 
anyone has analysed the interactions of these two organisms when exposed to different 
temperatures. This area of study will help to elucidate the nature of interactions not only at 
desired temperatures but at temperatures that these two organisms are exposed to when found 
outside of the host reservoir (Brombacher et al. 2006; White-Ziegler et al. 2008). Analysis of 
the nature of mixed-species biofilms at lower temperatures would shed light on the 
interactions between these two organisms in relation to survival on outside surfaces that 
could potentially further the spread of infection (Peleg & Hooper 2010; Walker et al. 2000).  
 
It was previously shown that a blue-green phenazine compound called pyocyanin, produced 
by P. aeruginosa PaO1 negatively affects E. coli. Coenzymes such as NADPH/NADH are 
oxidised either through direct exposure to pyocyanin or an oxidising enzyme like NADPH-
oxoreductase (Hassett et al. 1992). Pyocyanin then facilitates transfer of electrons to 
molecular oxygen to generate toxic oxygen radical species (Hassan & Fridovich 1980).  
 
The lack of results derived with the use of signalling molecules on the corresponding and 
opposing bacteria and the results garnered with the use of varying temperatures had 
precipitated a transition in the focus of the research into investigation of biofilm co-cultures 
with a greater focus on the use of varying temperatures as opposed to the 
introduction/removal of cell signals produced by P. aeruginosa PaO1 and E. coli K-12. As it 
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was shown that there were changes in pigment production of P. aeruginosa PaO1 at different 
temperatures, which has been previously documented (Huang et al. 2009; Wurtzel et al. 
2012), the next chapter will focus on the effect temperature has on pyocyanin production and 





Chapter 4 - The effect of Pyocyanin on E. coli biofilms   
 
4. 1- Introduction 
 
Researchers have documented that P. aeruginosa has the propensity to produce secondary 
metabolites that not only are antagonistic towards other bacterial species but also assists in 
establishing an infection within a host reservoir. One of particular note that has been studied 
to a great extent is the phenazine compound pyocyanin, partially due to its prevalence in P. 
aeruginosa infections. This compound is known to assist in establishing an infection, to the 
extent where an infection is hindered if P. aeruginosa has a deficiency in production of 
pyocyanin. P. aeruginosa has been found alongside E. coli within the intestines of ruminants 
and on numerous occasions, have formed mixed-species biofilms where it has been 
advantageous for the survival of one or both organisms. An issue surrounding the production 
of these mixed-species biofilms however is the integration of E. coli into cultures of P. 
aeruginosa, considering that E. coli growth is inhibited upon interactions with pyocyanin.  
 
Researchers have found that co-cultures containing E. coli and P. aeruginosa produced less 
pyocyanin than single-species cultures, which may be caused by the release of indole, a cell-
signalling molecule produced by E. coli. This precipitated analysis within this thesis of the 
effect of indole on reducing virulence factor production and increasing the likelihood of E. 
coli establishing itself within mixed-species biofilms of P. aeruginosa PaO1. A contributing 
factor in the expression of this phenazine compound is the environmental temperature where 




The action of pyocyanin to inhibit other organisms works under the premise of acting as a 
redox-cyclic compound that transfers electrons to oxygen to generate oxygen radicals such as 
superoxide and hydrogen peroxide that has been shown to inhibit viability of E. coli.  
 
Mixed-species biofilms of P. aeruginosa and E. coli in past research were grown using a 
temperature of 37ºC however this does not account for the potential of mixed-species 
biofilms to be formed in other temperatures often found outside of a mammalian host. As P. 
aeruginosa production is reduced when the temperature is lowered from 37ºC, along with E. 
coli transitioning into a biofilm state with lowered temperatures, a probable outcome is 
increased survivability of E. coli within mixed-species biofilms. The next chapter will focus 
on a set of experiments to determine the effects of temperature on mixed-species biofilms of 
P. aeruginosa PaO1 and E. coli K-12 and whether cell-signalling molecules or lack thereof 
will have any effect on these mixed-species biofilms.  
 
4.1.1. Effect of pyocyanin on virulence of P. aeruginosa PaO1 
 
Pyocyanin is a known virulence factor produced by P. aeruginosa where it induces a wide 
array of effects within a mammalian host. It has been shown that there is a correlation 
between the concentration of pyocyanin and the severity of a P. aeruginosa infection. For 
instance, samples taken from patients with cystic fibrosis/bronchiectasis that had severe P. 
aeruginosa infections produced 27 µg/mL of pyocyanin, which is equivalent to 130 µM. 
Patients that suffered from cystic fibrosis/bronchiectasis but had no discernible P. aeruginosa 
infections expectedly produced no traces of phenazine compounds. As pyocyanin is 
hydrophobic and has a lower molecular weight than other virulence factors produced by P. 
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aeruginosa, by comparison it generates a relatively lower immunological response (Wilson et 
al. 1988).  
 
In relation to whether pyocyanin production is critical for the competiveness of P. aeruginosa 
to invade and infect lung epithelium, a study found that in both cases of acute pneumonia and 
chronic infection, overall microbial load and competiveness was increased significantly in 
wild-type strains when compared to pyocyanin-deficient mutants. (Kukavica-Ibrulj et al. 
2008) 
 
Pseudomonas infections are often characterised by the influx of polymorphonuclear cells, 
commonly referred to as neutrophils (Lavoie, Wangdi & Kazmierczak 2011). As interleukin-
8 is an attractor of neutrophils and P. aeruginosa infections are commonly associated with 
lung infections in cystic fibrosis patient and increased neutrophil concentrations, an indicator 
for a lung infection would be increased levels of interleukin-8 within sputum/aspirate samples 
(Denning, Gerene M. et al. 1998; Massion et al. 1994).   
   
It has been shown that interleukin-8 production and interleukin-8 mRNA increased in human 
epithelial cells within 4 to 8 hours of incubation with pyocyanin. This trend continued for up 
until between 24 to 48 hours as the testing ceased in that time period (Denning, Gerene M. et 
al. 1998). 
 
Interleukin-8 is a chemokine that has two primary functions: to induce chemotaxis of 
neutrophils to the area of infection and the activation of immune cells. Activation entails 
inducing expression of various processes within these immune cells e.g. causes increased 
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concentrations of intracellular calcium, exocytosis, integrin up-regulation, and bioactive lipid 
formation (Roebuck 1999). 
 
Neutrophils work to protect the body from imposing threats via several processes. One 
process that is of particular note in relation to infections is through production of oxidants 
and proteases used to physically destroy the invading microorganisms. An issue does arise 
however that the generation of these compounds not only will breakdown unwanted material 
but overproduction/accumulation will eventually lead to breakdown of human tissue 
(Britigan, B et al. 1992; Kochanek & Hallenbeck 1992).   
 
The basis behind interleukin-8 being up-regulated in the presence of pyocyanin relates to 
exposure of human cells like epithelial cells and macrophages that produce oxidants. 
Interleukin-8 has been shown to be up-regulated in the presence of oxidants, namely hydroxyl 
radicals. This has been identified via increases in interleukin-8 expression/production in the 
presence of oxidants and the identification of oxidant response coding sequences within the 
promoter region of the IL-8 gene (Roebuck 1999). Pyocyanin is known for being an auto-
oxidant, producing toxic oxygen radical species (Hassan & Fridovich 1980) ergo contributing 
to the release of interleukin-8, leading to increased attraction of neutrophils hence furthering 
the damage to the human body (Denning, Gerene M. et al. 1998).         
 
Furthermore, it has been shown that pyocyanin reduction, leading to reactive oxygen species 
production inhibits the α1 Protease inhibitor (α1PI). This inhibitor contains methionine 
residues to interact with the catalytic site of the target enzyme. Upon binding, it cleaves the 
protein into a series of products that end up forming complexes with the enzyme, leading to 
an inactive end-product in the catalytic site (Britigan, BE, Railsback & Cox 1999; Potempa, 
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Korzus & Travis 1994). Oxidative species, produced via pyocyanin being reduced through 
NADH/NADPH, transfers electrons to an amino acid residue in α1PI hence altering the 
residue leads to an overall conformation change of the protein thus making it inactive. The 
loss of protease inhibitors ensures that active protease enzymes are present to enhance 
degradation of proteins, namely enzymes produced from the cells that are designed to protect 
the cells from oxidative damage (Britigan, BE, Railsback & Cox 1999). 
 
RANTES is primarily responsible as a chemoattractant for eosinophiles, lymphocytes and 
monocytes, known for causing a noticeable inflammatory response within the lungs of 
asthmatic patients (Stellato et al. 1995). The signalling molecule tnf-α produces a multitude 
of effects, of which includes inducing apoptosis in cells (Gaur & Aggarwal 2003).  
Accumulation of these two organic compounds can lead to cellular damage if the genes 
related to production are over-expressed and/or the compounds themselves are allowed to 
accumulate in high concentrations (Rada, B. et al. 2011).       
 
Previous work had found that while pyocyanin (Denning, Gerene M. et al. 1998) and the 
precursor of pyocyanin, phenazine-1 carboxylic (Denning, Gerene M et al. 2003) had 
induced release of interleukin-8 while decreasing the concentration of RANTES and tn-α, 
later research found that RANTES and tnf-α concentrations were elevated while in the 
presence of pyocyanin (Rada, B. et al. 2011), indicating differences in schools of thought in 







4. 2 - Oxidative stress 
 
4.2.1. Introduction to oxidative stress 
 
Oxygen is ubiquitous and a very important component in the survivability of many 
microorganisms in their natural environment. One of the most well-known processes 
involving oxygen is cellular respiration where ATP molecules are generated through a three 
step, four-electron reduction process in converting molecular oxygen into H2O (Farr & 
Kogoma 1991; Prescott, Harley & Klein 2005). 
  
As this occurs quite rapidly and is required to be carried out frequently to ensure the 
survivability of many aerobic microorganisms, there is an increased probability of the 
reduction of molecular oxygen involving fewer electrons (Halliwell & Gutteridge 1984; 
Prescott, Harley & Klein 2005).  
 
For instance, superoxide (O2-) is formed via a univalent electron reduction of molecular 
oxygen. This molecule becomes detrimental to microorganisms as molecules having unpaired 
electrons will derive additional electrons from cell structures and molecules of high 
importance to cell survivability including DNA and proteins leading to destabilisation and 
lipid peroxidation thus increasing membrane fluidity, which generates osmotic shock (Farr & 
Kogoma 1991). 
 
Aside from the formation of superoxide anions, a common reactive oxygen species is 
hydrogen peroxide (H2O2). Hydrogen peroxide production is known to occur through 
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spontaneous dismutation of superoxide at neutral pH where a second electron is transferred to 
the anion (Halliwell & Gutteridge 1984; Hassett & Cohen 1989). 
 
Dismutation also occurs actively through interactions with enzymes such as superoxide 
dismutase and d-amino acid oxidase. This becomes an issue as hydrogen peroxide has a 
higher level of membrane permeability in comparison to superoxide thus increasing 
likelihood of entering target cells (Farr & Kogoma 1991).  
 
The production of oxygen radicals that are considered to be of a greater risk to 
microorganisms often form when reactive oxygen species are exposed to transition metals. 
One such example is the production of hydroxyl radicals. The formation of these radicals is 
shown through the Haber-Weiss cycle. They are formed through exposure of iron cations to 
superoxide and hydrogen peroxide .The first step involves reduction of ferric iron by 
superoxide to generate hydrogen peroxide and ferrous iron. The second step involves 
oxidation of ferrous iron into ferric iron to produce hydroxide and the hydroxyl radical (Farr 
& Kogoma 1991). 
       
These radicals have been shown to be detrimental to a greater extent than superoxide and 
hydrogen peroxide. This is due to the standard electrode potential being significantly higher 
than other oxidising agents i.e. redox potential of hydroxyl radicals is +2.33V whereas 
superoxide is +0.94V and hydrogen peroxide is +0.38V (Valko et al. 2004). A higher 
standard redox potential indicates a greater positive charge being a stronger attractor of 
electrons ergo is more likely to be reduced and is therefore considered a better oxidising 




The hydroxyl radical is well-known for targeting and causing significant damage to many 
different structures. For instance, in relation to thymine, these radicals can either bind with 
(hydroxylate) thymine to produce 5-hydroxymethyluracil or act as an oxidising agent to break 
down thymine to produce glycol or a urea residue (Farr & Kogoma 1991).   
 
In order for E. coli to be able to survive when reactive oxygen species are produced 
spontaneously through cellular processes such as aerobic respiration and/or exposure to 
oxidising agents like pyocyanin, they need to express genes that will negate the effects of 
these oxygen species. This occurs primarily through receptor proteins that when oxidised, 
become active and bind to promoter regions that reduce oxidative stress. In the case of 
superoxide anion (O2-), this occurs through the SoxR protein whereas exposure to increased 
concentrations of hydrogen peroxide (H2O2) leads to activation of the OxyR protein. The 
activation of these two proteins via oxidation is utilised as an indicator of an increased state 
of oxidation within the cell and as a measure to prevent unnecessary gene expression (Chiang 
& Schellhorn 2012; Pomposiello & Demple 2001). 
 
4.2.2. Oxidative stress regulator protein - SoxR 
   
SoxR is a regulatory protein that when oxidised will lead to enhanced gene expression to 
counteract the negative effects of superoxide. This occurs through oxidation of two iron 
sulphur (2Fe-2S) centres that are surrounded by 4 cysteine residues in the c-terminal region. 
One side of these centres is surrounded by positively-charged amides whereas the other 
interacts with an anionic carbonyl oxygen atom. In its reduced state, the sulphur atom has an 
additional negative charge. This leads to ionic interactions with the amides. Upon doing so 
this generates a greater level of repulsion between the amide groups and the carbonyl oxygen, 
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leading to a conformation change of the c-terminus, which alters the position of the DNA-
binding domains (Watanabe et al. 2008). The soxR gene is constitutively active, indicating 
that the gene is consistently expressed however the SoxR protein is produced at low 
concentrations of approximately 100 molecules per cell (Pomposiello & Demple 2001).  
 
The soxS promoter region has a 19 base-pair spacer between the 10 and 35 elements, which is 
rotated 108º. The σ70-RNA polymerase complex, which generally interacts with target 
promoters with a 17 base-pair spacer, is unable to bind to both elements in the soxS promoter 
region. Upon binding, SoxR alters the DNA structure of the promoter region of soxS, 
reducing the space between the 10 and 35 elements. This allows RNA polymerase to bind to 
the promoter region of soxS on the side opposite of SoxR (Watanabe et al. 2008).      
 
This leads to enhanced activation of the soxS gene (up to 100 fold), producing the SoxS 
protein. SoxS binds to promoter regions of target genes to induce binding of RNA 
polymerase. This leads to transcription and expression of multiple genes, approximately forty 
of which are not induced in the presence of hydrogen peroxide (Hidalgo & Demple 1994). 
It has previously been shown that SoxS acts as its own regulator by binding to the promoter 
region of soxS thereby inhibiting access to the promoter region by SoxR (Nunoshiba et al. 
1993).  
 
The activation of the SoxR protein and the up-regulation of the soxS gene induce multiple 
superoxide dismutase-producing genes. Two primary examples of these genes that are found 
in both prokaryotic and eukaryotic cells are sodA and sodB. The gene sodA codes of a 
manganese-containing superoxide dismutase (Mn-SOD) whereas sodB codes for an iron-
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containing superoxide dismutase (Fe-SOD). The function of these enzymes is to convert 
superoxide into oxygen and hydrogen peroxide (Chiang & Schellhorn 2012). 
 
The E. coli FeSOD and MnSOD enzymes are comprised of two-subunits. Each subunit is 
comprised of two domains. The N-terminal domains are comprised of all α-helixes whereas 
the C-terminal domains are comprised of α-helixes and ß-sheets. The metal site, be it 
manganese or iron is positioned between the two termini. The metal site is bound by four 
amino acids, three histidines and one aspartic acid residue. The activity of superoxide 
dismutase is characterised through the metal sites fluctuating between oxidation states (+2 and 
+3) (Edwards et al. 1998; Edwards et al. 2001).  
 
Dismutation of superoxide into molecular oxygen and hydrogen peroxide occurs through a 
reductive and oxidative process. In the case of FeSOD, the metal site proceeds to interact 
with a hydroxide group contained within nearby ligands. Upon introduction of superoxide, it 
forms a covalent bond with an oxygen atom in the aspartic acid residue 156  (Lah et al. 
1995). This leads to reduction of the iron centre from ferric to ferrous iron, converting the 
anion into molecular oxygen that generates a leaving group. The next step involves the 
hydrogen ion protonating the hydroxide group on a residue connected to the reduced metal 
site. It is speculated that the residue is tyrosine 34 (Lah et al. 1995). 
 
This leads to the formation of an attached water molecule. As this occurs, the second 
superoxide binds to the reduced metal active site. This leads to electron transfer from the iron 
centre to the superoxide anion thus returning the iron centre to its original ferric state. This 
then leads to protonation via the water molecule and an associated ligand that is coordinated 
near the metal site of the superoxide. The acceptance of the first hydrogen ion generates the 
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peroxly anion radical whereas the second converts this anion into hydrogen peroxide 
(Edwards et al. 1998; Edwards et al. 2001; Lah et al. 1995).                   
 
It was thought that superoxide was the primary antagonistic agent to activate the SoxRS 
protein set however later work determined that the presence of oxidising agents i.e. phenazine 
compounds are more effective in the oxidation of SoxR than superoxide. This may be due to 
the notion that these redox compounds can act through enzyme auto-oxidation and through 
the activity of specific oxidases to degrade a variety of cellular elements to release toxic 
radicals in an anaerobic environment (Dietrich et al. 2006; Gu & Imlay 2011; Krapp, 
Humbert & Carrillo 2011).     
 
4.2.3. Oxidative stress regulator protein - OxyR 
 
In response to the presence of hydrogen peroxide, E. coli activates a number of genes through 
the response regulator protein OxyR. As it is found that the addition of hydrogen peroxide 
had no effect on levels of production of the OxyR protein, it is an indicator that H2O2 does 
not induce production of the OxyR protein but rather has an effect on the conformation of 
OxyR to bind to promoter regions of genes that enhances the organisms ability to survive in 
the presence of increased concentrations of hydrogen peroxide (Chiang & Schellhorn 2012; 
Toledano et al. 1994). OxyR activity is induced via hydrogen peroxide oxidation of a 
cysteine residue, referred to as cysteine 199. The oxidation of cysteine residue 199, which 
eventuates into a disulphide bond, has an effect on the structure of OxyR. The change in 
conformation of OxyR allows the protein to then bind to target DNA promoter regions 




It has been previously demonstrated that functional oxidised OxyR protein binds to the α-
subunit of RNA polymerase to induce transcription of target genes. This was seen as 
transcription of genes containing OxyR-recognised promoter regions while in the presence of 
the OxyR protein was prevented with the use of an RNA polymerase containing a substitution 
of a selected amino acid (Tao, Fujita & Ishihama 1993). 
 
The OxyR protein is known for being induced through oxidation by hydrogen peroxide. It is 
through this process that leads to the induction/up-regulation of various enzymes that 
alleviate the effects of hydrogen peroxide. Two genes include katG and katE which code for 
two hydrogen peroxidases, namely hydrogen peroxidase I and hydrogen peroxidase II. These 
enzymes are also referred to as catalase. The main focus in relation to activation through 
oxidative stress by way of increased concentrations of reactive oxygen species is hydrogen 
peroxidase I (KatG) whereas hydrogen peroxidase II (KatE) is induced through the stationary 
phase-signal RpoS (Visick & Clarke 1997).     
 
Hydrogen peroxidase II, also known as a catalase-peroxidase, is identical to the 
monofunctional catalase Hydrogen peroxidase I in terms of the structural basis and its 
function when reducing hydrogen peroxide concentrations in relation to the catalytic portion 
of the cyclic. Hydrogen peroxidase is known to catalyse a reaction that converts two 
molecules of hydrogen peroxide (H2O2) into water and dioxygen/molecular oxygen. The 
enzyme contains a four porphyrin heme group within its centre. The principle of catalase 
involves the first H2O2 molecule oxidising one of the iron molecules. This leads to a double-
bond link of an oxygen atom with the iron centre of the heme molecule with a loss of two 
electrons, one from the iron centre thus increasing the oxidation state of the iron group and 
the other from the surrounding porphyrin group, shifting the group into a cationic state. This 
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eventuates into the formation of an intermediate oxoferryl compound, known as compound I 
and release of a water molecule. The second H2O2 molecule serves as a reducing agent to 
transfer two electrons to the heme centre and the porphyrin group, causing an overall 
reduction in oxidation number.  As a result, deprotonation occurs with disassembling of the 
double bond and release of the oxygen component from the heme. The released oxygen 
molecule forms a complex with the transferred hydrogen ions from hydrogen peroxide, 
resulting in the production of water and molecular oxygen (Chelikani, Fita & Loewen 2004; 
Smulevich et al. 2006).      
  
The possibility of catalase to become inactive through interactions with other reducing 
compounds is a frequent occurrence. For instance, the production of the oxoferryl compound 
of catalase-peroxidase (KatG) then interacts with an unknown reducing substrate to transfer 
an electron to the porphyrin group, changing the charged state from cationic to neutral. This 
leads to the formation of an inactive compound, known as compound II. This compound is 
known be inactive as the shift to a neutral state would make it incapable of readily accepting 
electrons from various electron donors. A second reducing agent reacts with the newly-
formed catalase variant to transfer electrons to the iron centre, removing the bound oxygen 
and in the process, returning the iron centre to its original ferric state. In doing so, this 
process generates two radical species (Li, Y & Goodwin 2004; Smulevich et al. 2006).   
 
The second inactive compound is a ferro-oxy compound, known as oxycatalase or compound 
III. This inactive compound has been shown to be formed through interactions with hydrogen 
peroxide and superoxide. The first involves a single proton transfer from the ferric iron centre 
to the superoxide anion, leading to reduction of the oxidation number of that centre. This 
forms a reversible bond with the dioxygen molecule (Kono & Fridovich 1982; Smulevich et 
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al. 2006). The second process involves high concentrations of hydrogen peroxide (Lardinois 
1995) or superoxide anion (Kono & Fridovich 1982) interacting with the oxoferryl compound 
formed via interactions with catalase and a single-bound hydrogen peroxide molecule.   
 
The inactivation of catalase has been shown to be prevalent in the presence of pyocyanin. 
Pyocyanin is an auto-reductant, deriving electrons from NADH/NADPH. Those electrons are 
then transferred to molecular oxygen to produce superoxide. Mammalian catalase contains 
four NADH/NADPH binding domains. Bound NADH/NADPH is present to act as a 
reductant against oxygen species such as hydrogen peroxide and superoxide to prevent 
conversion of catalase into compound II and compound III. Pyocyanin is known to oxidise 
NADH and NADPH into NAD+/NADP+, respectively. Upon doing so, it allows hydrogen 
peroxide and superoxide anions to oxidise the oxoferryl catalase, rendering it inactive (Hillar 
et al. 1994).  
 
Inhibition of catalase activity was seen within lung epithelial cells treated with pyocyanin. It 
was also determined that catalase activity of Aspergillus niger, which does not bind NADPH, 
was not effected when treated with pyocyanin (O'Malley et al. 2003). The lack of inhibition 
of catalase produced by this fungus may also be seen within catalase production of E. coli as 




The next set of experiments focused primarily on biofilms co-cultures of P. aeruginosa 
PaO1and E. coli K-12 and the effect of small molecules on various dynamics of these mixed-
cultures. As changes in incubation temperature has provided discernible changes in E. coli 
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biofilm production and P. aeruginosa pigment production, mixed-species biofilms were 
cultivated at three different temperatures (25ºC, 30ºC and 37ºC) to see if the changes to 
individual cultures would have an effect on these biofilms.  
 
The analysis of the effects of small molecules on mixed-species biofilms were investigated 
through the utilisation of mutant strains of P. aeruginosa and E. coli that have an inability to 
produce these molecules within co-cultures. P. aeruginosa produces a high volume of 
virulence factors and antagonistic agents, the majority of which are up-regulated through the 
las/rhl quorum-sensing system. This includes pyocyanin. Co-cultures of E. coli and P. 
aeruginosa PaO1 with a set of lasI/R and rhlI/R mutations were conducted and compared to 
co-cultures of the two wild-type strains. As virulence factors are often associated with P. 
aeruginosa PaO1 infections, pyocyanin works on the principle of auto-oxidation whereby it 
extracts electrons from reductants and transfers them to molecular oxygen to generate toxic 
oxygen species. As a result, two mutant strains of E. coli that are unable to produce 
regulatory proteins to counteract the effects of increased oxidation were subjected to 
increasing concentrations of pure pyocyanin and then placed into mixed-species biofilms 
alongside wild-type P. aeruginosa PaO1. Furthermore, past research had illustrated that 
indole produced by E. coli reduced virulence factor production i.e. pyocyanin and had 
increased biofilm production of P. aeruginosa PaO1, allowing E. coli to then integrate into a 
P. aeruginosa PaO1 biofilm. As a result, mixed-species biofilms of P. aeruginosa PaO1 and 
E. coli with a deficiency in indole synthesis were cultivated and then supplemented with 1 
mM indole to determine whether it restored E. coli to wild-type levels. Analysis of these 
mixed-species biofilms cultures included determining the amount of viable E. coli and P. 




4.3. 1-  Growth of and measurement of biofilms of - E. coli in the presence of pyocyanin 
 
The assay in question was adapted from previous work (Djordjevic, Wiedmann & 
McLandsborough 2002). Pyocyanin was diluted in LB broth to generate final pyocyanin 
concentrations of 25 µM, 50 µM, 75 µM and 150 µM. LB broth supplemented with 2% 
ethanol was utilised as a comparison for growth of E. coli not exposed to pyocyanin. The 2% 
ethanol was used to determine if 2% ethanol within LB broth would inhibit cell growth and 
biofilm formation as ethanol was used as the solvent to dissolve pyocyanin and would be 
present in the preparations of pyocyanin within LB broth, especially at concentrations of 150 
µM.  
 
E. coli wild-type, oxyR and soxR deficient mutants were utilised in this assay. The two 
mutants were chosen due to the removal of genes involved with activation of other genes to 
protect cells against oxidative stress (Farr & Kogoma 1991), which could make them less 
resistant to pyocyanin in comparison to the wild-type strain of E. coli. This is theorised as 
previous studies have determined that inhibition of oxyR during exponential growth of E. coli 
resulted in the production of higher concentrations of internal hydrogen peroxide. 
Furthermore, deletion of the oxyR gene resulted in a greater sensitivity to hydrogen peroxide 
(González-Flecha & Demple 1997).   
 
In relation to the soxR gene, a mutant strain of E. coli with a non-functional soxR gene 
developed an increased sensitivity to paraquat, a compound known for its redox-cycling 
capabilities by transferring electrons to molecular oxygen to generate superoxide. Removal of 
soxR from E. coli was found to increase intracellular superoxide concentrations (Wu & Weiss 
1992).        
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Preparations were read in a Biorad Benchmark plus Microplate Spectrophotometer (Bio-Rad 
Laboratories Pty, Ltd. Level 5, Gladesville, New South Wales, Australia) at 500nm (Hassan 
& Fridovich 1980).  It is common to use a wavelength of 600 nm when attempting to quantify 
the extent of cell growth however 500 nm was used to minimise interference of pyocyanin, 
which is normally read at 600-700 nm (Hassan & Fridovich 1980; Kurachi 1958).  The 
preparations were inoculated with 5 µL of E. coli culture grown overnight at 37ºC in a shaker 
incubator, set at 150 rpm.    
 
The plates were then left in a 30ºC shaker incubator, set at an agitation frequency of 150 rpm, 
for 24 hours. The use of a shaker incubator was to ensure aeration occurred to promote the 
interaction of trapped oxygen (Duetz & Witholt 2004) with the present pyocyanin and as a 
result, increase the chance of toxic oxygen radical formation (Hassett et al. 1992). 
 
The Microtitre plates were then measured once again at 500nM and growth of E. coli was 
recorded as the optical density of the plates prior to the 24 hour incubation period subtracted 
from optical density readings after the 24 hour incubation period. This was done to remove 
the interference of supplemented pyocyanin and obtain turbidity readings that translate into 
overall cell growth (Koch 1970).  
 
The wells were then washed three times with distilled water to remove any planktonic growth 
that may settle on the bottom of the wells and/or attach to the side of the wells that may 
provide a false reading in regards to biofilm concentration. The wells were then left to dry for 
45 minutes. 300 µL-400 µL of crystal violet solution (0.5% crystal violet stain dissolved in 
distilled water) was transferred to the test wells. As a result of using a shaker incubator to 
agitate the Microtitre plates to promote oxygenation within the preparations of E. coli in the 
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presence of varying concentrations of pyocyanin, biofilms formed significantly above the air-
water interface. This required resuspending the wells in 400 µL of 95% ethanol as opposed to 
200 µL.  
 
The crystal violet solution was then removed and the wells were washed 2-3 times with water 
to remove unbound crystal violet stain. Ninety five percent ethanol was then transferred to 
the test wells to extract the crystal violet stain. Results were read in a Biorad Benchmark plus 
Microplate Spectrophotometer (Bio-Rad Laboratories Pty, Ltd. Level 5, Gladesville, New 
South Wale, Australia) at a wavelength of 595nm. Each assay was replicated at least three 
times.  
 
4.3.2- Pyocyanin assay 
 
The pyocyanin assay was adapted from previous research (Luján et al. 2007). Spent culture 
effluent obtained from the Coplin jars used in viable biofilm assays (discussed below) was 
spun down in a centrifuge at 3700 rpm for 15 minutes to remove organic material and read in 
a Biorad Benchmark plus Microplate Spectrophotometer (Bio-Rad Laboratories Pty, Ltd. 
Level 5, 446 Victoria Road, New South Wales, Australia) at 695nm. The final results were 
recorded, with absorbance readings of LB broth subtracted from absorbance readings taken 
from the culture supernatants to remove any elements in LB broth that would be detected at 
695nm. Pure pyocyanin (sigma) was dissolved in 95% ethanol and diluted in LB broth to 
generate a standard curve. Each assay was replicated three separate times though averages of 
each treatment were represented by the number of wells used for each treatment over three or 




4.3.3- Viable Biofilm Assay 
 
Sterile Coplin Jars were filled with two sterile silicone discs, with equal distance between 
those discs and the sides of the Coplin jar. The jars were then filled with 12 mL LB Broth. 
120 µL of overnight culture in LB broth at 37ºC was used to inoculate the Coplin jar, 
producing a 1 in 100 dilution. The jars were left to incubate in shaker incubators at 25ºC, 
30ºC and 37ºC for 24, 48 and 72 hour durations. Each assay was replicated at least three 
times. 
 
At the end of each duration, the discs were collected with sterile tweezers and immersed in 
sterile 0.85% saline solution for 30 seconds. The process was performed twice, with the discs 
then being transferred to 10 mL 0.85% saline solution. Once the discs were fully immersed, a 
sterile cotton swabs was run along each surface of the disc to ensure complete biofilm 
removal. The swabs were aseptically removed and placed into sterile plastic tubes along with 
the 10 mL of saline solution used to immerse the silicone discs. The plastics tubes containing 
saline and cotton swabs were agitated using a bench-top vortex mixer for 1 minute-long 
durations. This was to ensure that the exopolymeric biofilm matrix was dislodged from the 
swab and that the material itself was disrupted to release the cells it contained.  The 
amalgamation of bacteria and exopolysaccharide within saline was then diluted in 0.85% 
saline solution if it was deemed necessary. Samples were fed through an Autoplate 4000 
spiral plater (Spiral Biotech, Inc. Advanced Instruments, Inc. Two Technology Way 
Norwood, MA, USA), with the liquid being either dispensed onto cetrimide agar to isolate P. 
aeruginosa PaO1 strains (Brown & Lowbury 1965) or onto LB Broth agar containing 20 
µg/ml cefsulodin to isolate E. coliK-12 BW25113 strains (Suginaka et al. 1979). Plates were 
incubated at 37ºC for 24 hours. Agar plates were read under a template provided with the 
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spiral plater and converted to total colony-forming units with the use of a conversion table 
provide with the spiral plater.  
 
This method was also used in determining viable numbers contained within culture effluent. 
The effluent was collected and spun down in a centrifuge set at 3700 rpm for 15 minutes. The 
supernatant was either discarded or used for biochemical testing whereas the pellet was 
suspended in 0.85% sterile saline. Suspensions were fed through an Autoplate 4000 spiral 
plater (Spiral Biotech, Inc. Advanced Instruments, Inc. Two Technology Way Norwood, MA, 
USA). 
 
4.4- Results and Discussion 
 
4.4.1- Growth of and measurement of biofilms of - E. coli in the presence of  pyocyanin 
 
4.4.1.1. E. coli – Planktonic Cell growth 
 
The results within figure 4.1 indicated a dose dependant decrease in planktonic cell growth in 
the E. coli wild-type and oxyR and soxR mutants with increasing pyocyanin concentrations. 
For instance, addition of 25 µM pyocyanin decreased turbidity readings of the E. coli wild 
type from 1.30 to 1.10, whereas the oxyR and soxR mutant strains had turbidity levels 
decreased from 1.32 to 1.02 and 1.28 to 0.86, respectively. The reductions in cell growth 
were to be expected as past research had shown that the addition of pyocyanin to an E. coli 
culture significantly reduced cell growth in comparison to an E. coli culture with no added 
pyocyanin (Hassett et al. 1992; Rao & Sureshkumar 2000).  
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The addition of 25 µM pyocyanin showed a greater reduction in cell growth in the soxR 
mutant strain than the wild-type and the oxyR mutant strain. For instance, at 25 µM 
pyocyanin, the soxR mutant strain produced a discernibly lower absorbance reading of 0.86 
than that of the wild-type strain, which was 1.10 and the oxyR mutant strain, which was 1.02. 
As pyocyanin is a low-molecular weight molecule it has been found to diffuse through cell 
membranes (Wilson et al. 1988), leading to an increase in production of intracellular radicals 
(Schellhorn et al. 1989).  Superoxide cannot diffuse through a cell membrane as easily as 
hydrogen peroxide, partially due to the higher redox potential of superoxide (Farr & Kogoma 
1991; Valko et al. 2004). This may then lead to a greater loss in viability in E. coli where 
superoxide can possibly builds up within a cell as opposed to hydrogen peroxide (Hassan & 
Fridovich 1980; Hassett & Cohen 1989).  
 
A noticeable trend however did develop when the concentration of pyocyanin increased 
above 25 µM in that the differences between E. coli wild-type and the mutant strains within 
each treatment did not necessarily follow the same pattern as the previous treatment.  
At 50 µM the oxyR strain produced more cell growth than the wild-type strain with an 
absorbance reading of 0.69 compared to an absorbance reading of 0.67. At 75 µM, the oxyR 
mutant produced a reading of 0.32 whereas the wild-type produced a higher reading of 0.50. 
At the maximum concentration of 150 µM, the readings of the wild-type and the oxyR mutant 
levelled out at 0.24 whereas the soxR settled at 0.30. This disparity of cell growth in the 
presence of  pyocyanin at concentrations of 50 µM and higher, when compared to cell growth 
within 25 µM pyocyanin, may be resultant from more concentrated pyocyanin overriding the 
effectiveness that the OxyR and SoxR regulators would have on alleviating the negative 




Figure 4.1. Cell growth of E. coli K-12 wild-type, E. coliΔoxyR and E. coliΔsoxR. 5 µL of overnight 
culture in LB broth used to inoculate 200 µL in Microtitre plates. Pyocyanin concentrations 
used included 0 µM, 25 µM, 50 µM, 75 µM and 100 µM.  Microtitre plates were incubated in 
a shaker incubator for 24 hours at 30ºC and 150 rpm. Cell growth was recorded as turbidity by 
subtracting readings at OD500nm prior to the 24 hour incubation period from readings after 
the 24 hour incubation period (Mean ±standard error, n = 10).  * between each histogram  
indicate significant difference between values at P<0.05.   
 
4.4.1.2. E. coli – Biofilm production 
 
Exposure to pyocyanin translated into significant losses of E. coli biofilm production, with a 
sudden drop off in biofilm formation between treatments of 0 µM and 25 µM of pyocyanin. 
For instance, figure 4.2 indicates that exposure of E. coli wild-type to 25 µM pyocyanin saw 
a reduction in absorbance of crystal violet from 3.04 to 0.65. A similar trend occurred with 
the oxyR and soxR deficient mutant strains with absorbance readings reduced from 2.50 to 
0.23 and 3.24 to 0.20, respectively. Increased biofilm formation of the wild-type compared to 
the two mutant strains in the presence of 25 µM pyocyanin may result from oxidant regulator 
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differences between biofilm formation of the wild-type and mutant strains remained 
relatively minimal, with overall readings of the three strains decreasing by small increments 




Figure 4.2. Biofilm formation of E. coli K-12 wild-type, E. coliΔoxyR and E. coliΔsoxR. . 5 µL of 
overnight culture in LB broth used to inoculate 200 µL in Microtitre plates. Pyocyanin 
concentrations included 0 µM, 25 µM, 50 µM, 75 µM and 100 µM. Wells in Microtitre plates 
were resuspended in 400µL 0.5% crystal violet solution. Wells were then washed and 
resuspended in 400 µL 95% ethanol. Biofilm formation recorded as OD595nm readings in a 
Microtitre plate reader (Mean ±standard error, n = 10).  * between each histogram  indicate 
significant difference between values at P<0.05.   
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The sudden drop-off in biofilm formation from 0 µM to 25 µM, followed by minimal 
reductions in biofilm formation with the remaining pyocyanin concentrations (fig.4.2) 
contrasts with the steady reductions in planktonic cell growth of E. coli exposed to the same 
concentrations of pyocyanin (fig. 4.1).  
 
This may result from E. coli reaching a stage of growth where the bacteria have replicated 
successfully however once biofilm formation was going to be initiated, the bacteria lost 
viability as a result of being exposed to pyocyanin and only a few living cells were present to 
attach to the surface and produce a small concentration of exopolymeric matrix. For instance, 
formation of a micro-colony in uropathogenic E. coli occurred within 12 hours (Justice et al. 
2004) whereas visible biofilm formation in E. coli began to increase just before 10 hours, 
growing exponentially up until approximately 25 hours and peaked at approximately 30 hours 
from the start of the experiment (Jackson et al. 2002).  
 
Lower concentrations of pyocyanin would have allowed for more growth of E. coli (fig. 4.1) 
however the time it took for those cells to transition from the planktonic into the biofilm state 
(fig. 4.2) was greater than the time it took for the viable cell population to diminish as a result 
of the oxygen radicals inhibiting growth of E. coli (Hassett et al. 1992). The presence of 
pyocyanin may not have eliminated viability of E. coli immediately and as a result, some 
cells that survived and maintained viability were able to propel themselves towards and 
attach to the surface where they produced a small amount of biofilm (Pratt & Kolter 1998). 
Exposure to pyocyanin within 24 hours would have eventually eliminated viability within the 
effluent (Hassett et al. 1992) and within the biofilm (Chu et al. 2011) thus the bacteria could 




Another possibility is that pyocyanin being a redox-cyclic compound is known for shuttling 
electrons from various reductants to molecular oxygen. As a result, it generates a negative 
charge of -30mV (Torres et al. 2009). Standard charge of E. coli strains range from -4.9mV 
to -33.9 mV (Li, J & McLandsborough 1999). The presence of pyocyanin acting as a redox 
agent may prevent E. coli from binding to the polystyrene surface of the Microtitre plates by 
generating a negative charge to act as barrier to repel the negatively charged E. coli. E. coli 
exhibited similar deficiencies when attempting to attach to glass surfaces that carry a negative 
charge (Liu & Li 2007).     
 
4.4.2- Pyocyanin assay 
 
The results of the pyocyanin assay determined a positive correlation between concentrations 
of pyocyanin produced by P. aeruginosa PaO1 wild-type and incubation temperature.  Figure 
4.3 indicated that P. aeruginosa PaO1 incubated at 25ºC produced 18.97 µM of pyocyanin 
within 72 hours. Increasing the temperature to 30ºC saw an increase in pyocyanin production 
with 36.40 µM of pyocyanin in the first 24 hours. This concentration rose to 44.58 µM by 48 
hours and then to 54.40 µM by 72 hours. Raising the temperature to 37ºC saw further 
increases in pyocyanin synthesis, with 65.99 µM recovered within 24 hours. This 
concentration rose to 127.88 µM within 48 hours and further increased to 137.97 µM within 






Figure 4.3. Pyocyanin production of single-species cultures of P. aeruginosa PaO1 wild-type strain, grown in 
a) LB miller broth and b) LB miller broth supplemented with one millimolar indole. Cultures were 
grown in Coplin jars containing two silicone discs, incubated at 25ºC, 30ºC and 37ºC over 3 days, 
with samples collected every 24 hours.  12 mL of culture effluent was collected from each Coplin 
jar and spun down in a 15 mL bench top centrifuge, set at 3700rpm for 15 minutes. The supernatant 
was collected and transferred into 96 well Microtitre plates. Plates was analysed in a Biorad 
Benchmark plus Microplate Spectrophotometer at 695nm (Mean ±standard error, n = 90).  * 
between each histogram  indicate significant difference between values at P<0.05.   



















































































It was previously demonstrated that increasing the temperature from 28ºC to 37ºC saw 
increased pyocyanin concentrations (Huang et al. 2009; Wurtzel et al. 2012) through 
increased expression of the phz clusters (phzA1-g1/phzA2-G2), phzM and phzS (Barbier et 
al. 2014; Wurtzel et al. 2012). This coincided with both increases in PQS production 
(Wurtzel et al. 2012) and in lasI transcription, both of which when reduced will negatively 
affect pyocyanin production. LasI activity had been shown to be directly connected with 
pyocyanin production as LasI has been shown to bind to promoter regions of phzM to induce 
transcription (Huang et al. 2009). Reductions in pyocyanin not only occurring though 
regulation of lasI/R and rhlI/R but also genes up-regulated by QscR (Chugani et al. 2001; 
Ledgham et al. 2003) have been shown to be influenced through temperature. This was seen 
as induction of qscR to reduce pyocyanin production occurred via ptsP (Xu et al. 2005). 
Synthesis of PtsP occurs to a greater extent at 28ºC than at 37ºC. This is an indicator that 
temperature has a regulatory effect on pyocyanin production though lasI/R and rhlI/R 
transcription in P. aeruginosa (Huang et al. 2009).     
  
Loss of these quorum-sensing signals within P. aeruginosa PaO1 by way of mutations of the 
lasI/R and rhlI/R gene subsets (Lazenby, J.J. 2010; Lazenby, James J et al. 2013) resulted in 
large reductions in pyocyanin when compared to the wild-type strain. For instance, within 72 
hours and using the incubation temperature of 37ºC, loss of las/rhl-related quorum-sensing 
within P. aeruginosa PaO1 reduced pyocyanin from 137.40 to 15.68 µM (fig. 4.6). This 
coincides with past work that determined that loss in activation of these quorum-sensing 
signals resulted in a loss of pyocyanin production (Chu et al. 2011; Köhler et al. 2001). 
 
Past work had determined that indole negatively affected pyocyanin production within P. 
aeruginosa PaO1 (Lee, Jintae et al. 2009a) i.e. over a 48 hour period, exposure to indole 
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reduced pyocyanin production of P. aeruginosa PaO1 from 8 µg/mL to a level barely above 0 
µg/mL (Chu et al. 2011). 
 
 P. aeruginosa was exposed to 1 mM indole to determine the effect of indole on virulence 
factor production. What was found within this study contrasts with previous finding as the 
addition of indole was found increase rather than decrease pyocyanin recovery. The addition 
of indole to P. aeruginosa PaO1 cultures grown for 72 hours at 37ºC, increased 
concentrations of pyocyanin from 137.40 µM to 179.30 µM (fig 4.3).  
 
The effects of indole was tested further when analyzing culture effluent of mixed-species 
cultures of P. aeruginosa PaO1 wild-type and E. coli wild-type (fig.4.4), and P. aeruginosa 
PaO1 wild-type and E. coliΔtnaA (fig.4.5).  
 
Figure 4.4. Pyocyanin production of mixed-species cultures of P. aeruginosa PaO1 wild-type strain and E. 
coliK-12 wild-type strain grown in LB miller broth. Cultures were grown in Coplin jars containing 
two silicone discs, incubated at 25ºC, 30ºC and 37ºC over 3 days, with samples collected every 24 
hours.  12 mL of Culture effluent was collected from each Coplin jar and spun down in a 15 mL 
bench top centrifuge, set at 3700 rpm for 15 minutes. The supernatant was collected and transferred 










































Spectrophotometer at 695nm (Mean ±standard error, n = 90).  * between each histogram  indicate 
significant difference between values at P<0.05.   
    
  
 
Figure 4.5. Pyocyanin production of mixed-species cultures of P. aeruginosa PaO1 wild-type strain and 
Escherichia coliΔtnaA strain, grown in a) LB miller broth and b) LB miller broth supplemented 
with one millimolar indole. Cultures were grown in Coplin jars containing two silicone discs, 
incubated at 25ºC, 30ºC and 37ºC over 3 days, with samples collected every 24 hours.  12 mL of 
Culture effluent was collected from each Coplin jar and spun down in a 15 mL bench top 
centrifuge, set at 3700 rpm for 15 minutes. The supernatant was collected and transferred into 96 






















































































Spectrophotometer at 695 nm (Mean ±standard error, n = 90). * between each histogram  indicate 
significant difference between values at P<0.05.   
     






Figure 4.6. Pyocyanin production of single-species cultures of P. aeruginosa PaO1ΔlasI/RΔrhlI/R strain, 
grown in a) LB miller broth Cultures were grown in Coplin jars containing two silicone discs, 
incubated at 25ºC, 30ºC and 37ºC with samples collected within 72 hours.  12 mL of Culture 
effluent was collected from each Coplin jar and spun down in a 15 mL bench top centrifuge, set at 
3700 rpm for 15 minutes. The supernatant was collected and transferred into 96 well Microtitre 
plates. Plates was analysed in a Biorad Benchmark plus Microplate Spectrophotometer at 695 nm 
(Mean ±standard error, n = 90).  * between each histogram  indicate significant difference between 
values at P<0.05.   
    



































This was required to analyse how a competing organism that produces indole would affect 
pyocyanin production and whether an indole deficiency in that organism would lead to a 
higher concentration of pyocyanin in P. aeruginosa rather than if indole was naturally 
produced by the competing organism. Further experimentation was conducted with analysis 
of dual-species culture effluent of P. aeruginosa PaO1 wild-type and E. coliΔtnaA in the 
presence of 1 mM indole added at the start of the experiment to see if reintroduction of indole 
would change pyocyanin concentrations and possibly mirror the results seen in mixed-species 
cultures of wild-type P. aeruginosa PaO1 and wild-type E. coli.    
 
Upon analysis of pyocyanin produced within single species cultures of P. aeruginosa and 
mixed-species cultures of P. aeruginosa and E. coli, using a growth temperature of 37ºC, it 
was shown that single-species did produce more pyocyanin than in mixed-species cultures 
and that indole did seem to impact the level of pyocyanin produced within 48 hours. At 72 
hours however, the concentrations of indole leveled out to the point where supplementation 
of indole in mixed-species cultures of P. aeruginosa and E. coli with a tnaA mutation led to 
more pyocyanin produced in that environment then in mixed-species cultures containing no 
indole.  
 
For instance, while single species cultures of P. aeruginosa produced 65.99 µM of pyocyanin 
(fig 4.3) within 24 hours, mixed-species cultures of E. coli and P. aeruginosa PaO1 produced 
55.34 µM (fig 4.4) of pyocyanin whereas mixed-species cultures of E. coliΔtnaA and P. 
aeruginosa PaO1 and mixed-species cultures of E. coliΔtnaA and P. aeruginosa PaO1 
exposed to 1 mM indole produced pyocyanin concentrations of 60.81 µM and 42.22 µM, 
respectively (fig 4.5). This trend was much more pronounced at 48 hours as P. aeruginosa 
PaO1 mixed with wild-type E. coli produced 89.85 µM of pyocyanin, compared to mixed-
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species cultures of E. coliΔtnaA and P. aeruginosa PaO1 that produced 120.62 µM of 
pyocyanin. This concentration was close to what was found within single-species culture of 
P. aeruginosa PaO1, with a concentration of 126.98 µM. Addition of 1 mM indole to mixed-
species cultures of E. coliΔtnaA and P. aeruginosa PaO1 reduced the concentration of 
pyocyanin to 78.53 µM.  
 
These findings are consistent with previous work (Chu et al. 2011; Lee, Jintae et al. 2009a) 
however their measurements did not continue after 48 hours. As previously mentioned, 
measurements of pyocyanin concentrations within these cultures were found to level out 
within 72 hours. For instance, mixed-species cultures of P. aeruginosa PaO1 wild-type and 
wild-type E. coli produced a concentration of 134.67 µM whereas P. aeruginosa PaO1 wild-
type and E. coliΔtnaA, exposed to 0 mM and 1 mM indole, produced pyocyanin 
concentrations of 131.73 µM and 141.68 µM, respectively. As previous work determined that 
wild-type E. coli remained viable within mixed-species biofilms at 4 days whereas E. 
coliΔtnaA died off within 3 days (Chu et al. 2011) then the effects of indole on pyocyanin 
would have likely to been seen within 72 hours. In regards to use of the other incubation 
temperatures, no discernible trend could be found in relation to the effect of indole and E. coli 
on pyocyanin levels.   
 
As starter cultures of P. aeruginosa and E. coli were generated in conical flasks at 37ºC, it 
was then investigated whether a difference in pyocyanin production occurred between the use 
of conical flasks and the use of Coplin jars. Within a 24 hour period, pyocyanin recovery 
significantly increased within conical flasks as opposed to Coplin jars. For instance while P. 
aeruginosa incubated at 37ºC for 24 hours produced 65.99 µM of pyocyanin within Coplin 
jars (fig. 4.3), the same strain under the same conditions within conical flasks produced a 
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pyocyanin concentration of 85.03 µM (fig 4.7). This sharp increase in pyocyanin 
concentrations was also seen at 25ºC where the average concentration within Coplin jars was 
14.88 µM whereas within conical flasks, the concentration within conical flaks increased to 
53.94 µM. 
 
This may have resulted from the shape of each container. Conical flasks are shaped to have a 
narrow neck and a wide bottom whereas Coplin jars are generally oblong-shaped that slightly 
taper inwards from the top to the bottom of the jar. The differences in these shapes indicate 
the functional difference between the two culturing-devices. Conical flasks having a greater 
surface area at the bottom of the jar allows for a higher level of aeration, which promotes the 
growth of aerobes like P. aeruginosa and increases aerobic respiration. This may increase the 
likelihood that secondary metabolites are produced (Duetz et al. 2000; Duetz & Witholt 
2004; Tunac 1989). Furthermore within conical flasks, concentrations of pyocyanin at both 
30ºC and 37ºC were significantly greater in mixed-species cultures of wild-type P. 
aeruginosa PaO1 and wild-type E. coli K-12 when compared to single-species cultures of P. 
aeruginosa (fig. 4.7). For instance, at 37ºC while single-species cultures of P. aeruginosa 
PaO1 produced a pyocyanin concentration of 85.03 µM, mixed-species cultures of P. 
aeruginosa PaO1 and E. coli produced a pyocyanin concentration of 141.08 µM. This may be 
resultant from a competing organism minimising available nutrients/oxygen, which has been 
shown to lead to significant increases in pyocyanin production (Whooley & McLoughlin 








Figure 4.7. Pyocyanin production of single-species cultures of P. aeruginosa PaO1 wild-type strain and 
mixed-species cultures of P. aeruginosa PaO1 wild-type strain and E. coliK-12 wild-type 
strain. Cultures were grown in conical flasks containing 20 mL of LB miller broth, incubated 
at 25ºC, 30ºC and 37ºC. Samples were collected within 24 hours and spun down in a bench 
top centrifuge, set at 3700 rpm for 15 minutes. The supernatant was collected and transferred 
into 96 well Microtitre plates. Plates was analysed in a Biorad Benchmark plus Microplate 
Spectrophotometer at 695 nm (Mean ±standard error, n = 90). * between each histogram  indicate 
significant difference between values at P<0.05.   
    
  












P. aeruginosa PaO1 Wild Type P. aeruginosa PaO1 Wild 




























The results within these sets of experiments found that while there were differences between 
pyocyanin concentrations in single and mixed-species cultures, it was not uniformly 
identified that the presence of E. coli would noticeably reduce pyocyanin. Furthermore, no 
discernible trend in pyocyanin concentrations could be extracted in relation to the presence or 
absence of indole. The most noticeable factor that is shared within effluent analysis in these 
assays is that reductions in temperature led to reductions in pyocyanin production.  
 
4.4. 3- Recovery of viable cells in the presence of pyocyanin  
 
4.4.3.1. P. aeruginosa PaO1 wild-type – Planktonic cells 
 
It has been shown that P. aeruginosa PaO1 produces less pyocyanin at lower temperatures, 
such as 25ºC to 30ºC than at higher temperatures, such 37ºC (fig. 4.3-4.5). As a result, 
increased production of pyocyanin may lead to reduced viability of P. aeruginosa. This was 
seen within figure 4.8 as within 3 days, P. aerguinosa PaO1 produced the highest level of 
growth at 25ºC with 2.57 x 108 cfu, followed by 30ºC with 2.00 x 108 cfu and then 37ºC with 
1.32 x 108 cfu. That being said, the numbers of cells recovered still remained viable by a 
factor of 108, and that aside from a dip in viable cells of P. aeruginosa PaO1 grown at 37ºC 
within 48 hours, overall cell viability from the start of the experiment to the end did stay 
relatively consistent.  
 
This may be resultant of the fact that in comparison to other bacteria such as E. coli, P. 
aeruginosa PaO1 is more resistant to uptake of pyocyanin. P. aeruginosa also does not 
produce the level of reductants and reducing enzymes when compared to E. coli i.e. E. coli 
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produces significantly higher levels of NADPH and an enzyme with NADPH-pyocyanin 
oxidoreductase capabilities. As a result, there is less chance of oxygen radical formation in 





Figure 4.8. Planktonic P. aeruginosa PaO1 wild-type strain, grown in LB miller broth. Cultures were 
grown in Coplin jars containing two silicone discs at 25ºC, 30ºC and 37ºC over 3 days, with 
samples collected every 24 hours.  12 mL of Culture effluent was collected from each Coplin 
jar and spun down in a 15 mL bench top centrifuge, set at 3700 rpm for 15 minutes. The pellet 
was resuspended in 10 mL saline and used to generate plates the use of a spiral plater (Mean 
±standard error, n = 36).  * between each histogram  indicate significant difference between 
values at P<0.05.   
    
4.4.3.2.  Single species biofilms 
 
Within 24 hours, increasing the temperature from 25ºC to 30ºC reduced E. coli recovered 
within biofilm from 7.46 x 107 colony forming units (cfu) to 1.14 x 107 cfu. Increasing the 
























presents a negative correlation of cells recovered within biofilms with temperature levels. 
The primary factor that contributed to this may relate to reductions in transcription of genes 
involved  in initiating production of biofilm exopolymers such as cellulose whereas genes 
related to flagella synthesis and movement were up-regulated (Lee, Jintae et al. 2008). 
 
Furthermore a protein referred to as Crl has been shown to up-regulate csgD, which is 
responsible for controlling curli and indirectly controlling cellulose production. This protein 
is induced to a greater extent at lower temperatures and inhibited at higher temperatures 
(Bougdour, Lelong & Geiselmann 2004; Brombacher et al. 2006). Recovery of viable cells at 
each temperature stayed relatively consistent from the start of the experiment to the end, 
which is not surprising given that previous work found that E. coli cells within pure cultures 
were still viable up to including an 8-day period (Cerqueira et al. 2013).  
 
Single-species biofilms of P. aeruginosa (fig. 4.9) produced a lower concentration of viable 
cells when compared to planktonic cultures of P. aeruginosa (fig. 4.8). Viable P. aeruginosa 
recovery within biofilms being noticeably lower than planktonic cultures is most likely due to 
bacteria that were contained within the biofilms were in more of a starved-state environment 
due to lack of nutrients, leading to a lower replication rate thus producing a lower viable cell 
recovery (Costerton, Stewart & Greenberg 1999). 
 
Furthermore, the availability of dissolved oxygen of P. aeruginosa contained within biofilms 
is significantly less when compared to the dissolved oxygen concentration of P. aeruginosa 
in liquid cultures. As P. aeruginosa is an aerobic organism unless there is a concentrated 
nitrate source, metabolic processes and growth rates become limited whilst in a biofilm-






Figure 4.9. Viable cell recovery of single-species biofilm cultures of a) P. aeruginosa PaO1 wild-type strain 
and b) E. coli K-12 grown in LB miller broth. Cultures were grown in Coplin jars containing two 
silicone discs at 25ºC, 30ºC and 37ºC over 3 days, with samples collected every 24 hours.  Silicone 
discs were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL 
saline and the contents used to generate plates the use of a spiral plater 695 nm (Mean ±standard 
























































Another factor is that enhanced biofilm production in P. aeruginosa may be tied to exposure 
to antagonistic agents. For instance, it was determined that concentrations of imipenem below 
inhibitory doses were able to stimulate alginate production.(Bagge et al. 2004). Furthermore, 
aminoglycoside has been shown enhance cyclic-di-GMP production, which has been shown 
to be involved in cell adhesion (Hoffman et al. 2005). The lack of antagonistic agents may 
result in a greater affinity of P. aeruginosa to exist in a planktonic state than a biofilm state.  
 
4.4.3.3. Mixed-species biofilms 
 
Analysis of cultivable cells from mixed-species biofilm cultures containing P. aeruginosa 
PaO1 wild-type and E. coli have demonstrated a negative correlation between recovery of 
viable E. coli and the incubation temperature whereas P. aeruginosa does not appear to be 
affected by the varying temperature to the same extent.  
 
For instance, recovered E. coli wild-type in mixed-species biofilms within 24 hours, grown at 
25ºC was 8.28 x 106 cfu. At 48 hours, the number of E. coli dropped to 5.51 x 105 cfu and 
then to 1.67 x 105 cfu within 72 hours (fig 4.10). P. aeruginosa PaO1 experienced a similar 
growth pattern with 3.15 x 106 cfu recovered within 24 hours, 1.42 x 106 cfu within 48 hours 
and 1.29 x 105 within 72 hours. Over the three day period, raising the temperature to 30ºC did 
not impede growth of P. aeruginosa PaO1 within mixed-species biofilms as it maintained a 
recovery of 1.17 x 106 however within the same timeframe, E. coli was reduced down from 
2.21 x 106 to 5.50 x 103. The difference in cell growth of E. coli in comparison to P. 
aeruginosa was much more pronounced at 37ºC where P. aeruginosa growth was reduced 
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from 2.27 x 106 to 8.11 x 105  however E. coli growth decreased from  8.36 x 105  cfu to 3.78 
x 102 cfu.  
 
The reduced ability of E. coli to survive within mixed-species biofilms when raising the 
incubation temperature relates to a decrease in biofilm biomass (fig. 3.4 and 4.9) protecting 
the bacteria from P. aeruginosa-produced toxic metabolites, such as pyocyanin. Pyocyanin 
has not only been shown to reduce cell growth in a dose-dependent manner (fig. 4.1) but 
through the use of a pyocyanin assay (fig. 4.3-4.5), it was determined that production of 
pyocyanin is also regulated through temperature where reductions in temperature led to 
reductions in pyocyanin production. The radical change in cell growth in E. coli recovered 
from mixed-species biofilms at varying temperatures was not apparent in P. aeruginosa 
primarily due to the bacteria not producing a redox-cycling enzyme like NADPH-
oxoreductase to produce toxic oxygen species (Hassett et al. 1992). Another aspect is that 
unlike E. coli, P. aeruginosa have been shown to produce more biofilm at higher 
temperatures (fig. 3.7) and genes related to biofilm production are up-regulated at 37ºC rather 


















Figure 4.10. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 wild-type strain and E. coli K-12 grown in LB miller broth. Cultures were grown in 
Coplin jars containing two silicone discs at a) 25ºC, b) 30ºC and c) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs were collected and 
contents were removed via sterile swabs. Swabs were suspended in 10 mL saline and the contents used to generate selective agar plates the use of a spiral plater 













The effects of pyocyanin were further tested using a homoserine lactone deficient-mutant 
strain of P. aeruginosa in mixed-species biofilms, alongside wild-type E. coli. The loss of 
production and recognition via regulator proteins of AHL resulted in significant losses in 
pyocyanin synthesis as seen in other works (Chu et al. 2011; Reimmann et al. 1997) as well 
as results garnered in this thesis (fig. 4.6).  
 
The loss in production of pyocyanin had a large effect on retention of E. coli in these mixed-
species biofilms where within 72 hours, the concentration of viable E. coli did not discernibly 
reduce when compared to viable cell readings of these mixed-species biofilms at 24 and 48 
hours. This occurred in these biofilms regardless of incubation temperature. For instance, in 
mixed-species biofilms of P. aeruginosa PaO1 wild-type and E. coli K-12 wild type at 37ºC, 
the number of viable E. coli recovered within 72 hours was 3.78 x 102 cfu (fig. 4.10) whereas 
under the same conditions, except using a strain of P. aeruginosa PaO1 with no AHL 
production hence no apparent pyocyanin production, the total amount of cultivable E. coli 
recovered was 3.37 x 105 cfu (fig. 4.11). This was an indicator that loss of virulence factor 
production, including loss of production of phenazine compounds such as pyocyanin resulted 
in a weakened ability of P. aeruginosa to negatively affect another organism.  
 
As previous research determined that indole was the primary factor for mitigating virulence 
within P. aeruginosa to reduce pyocyanin production (Lee, Jintae et al. 2009), mixed-species 
biofilms of P. aeruginosa wild-type and an E. coliΔtnaA mutant strain were grown at 25ºC, 
30ºC and 37ºC in both LB broth (fig. 4.12) and LB broth supplemented with 1 mM indole 
(fig 4.13). This was to determine whether the loss of indole production within E. coli would 
impact survivability when grown alongside wild-type P. aeruginosa PaO1, and whether the 
addition of 1 mM indole would affect survivability of the E. coliΔtnaA mutant strain. 
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Removal of indole production of E. coli, by way of removal of the gene that codes for 
tryptophanase, did not have a discernible impact on the viability of E. coli when grown 
alongside P. aeruginosa PaO1. For instance, E. coli viability at 37ºC was reduced from 7.22 
x 105 cfu at 24 hours to 1.90 x 102 cfu at 72 hours (fig. 4.12). These results are comparable to 
that of E. coli wild-type grown in mixed-species biofilms with P. aeruginosa (fig. 4.10) i.e. 
E. coli was reduced from 8.36 x 105 cfu to 3.78 x 102 cfu within 72 hours of mixed-species 
biofilm growth at 37ºC. Similar to growth within mixed-species biofilms of P. aeruginosa 
wild-type and E. coli wild-type (fig. 4.10), mixed-species biofilms of P. aeruginosa wild-type 
and E. coliΔtnaA saw increases in E. coli viability at 72 hours when the temperature was 
reduced. Reducing the temperature to 30ºC increased E. coli recovery to 6.85 x 104 cfu 
whereas reducing the temperature to 25ºC saw an even greater increase in recovery to 2.05 x 




















Figure 4.11. Viable Cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1ΔlasI/RΔrhlI/R and E. coliK-12 grown in LB miller broth. Cultures were grown in 
Coplin jars containing two silicone discs at a) 25ºC, b) 30ºC and c) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs were collected and 
contents were removed via sterile swabs. Swabs were suspended in 10 mL saline and the contents used to generate selective agar plates the use of a spiral plater 
(Mean ±standard error, n = 36).  * between each histogram  indicate significant difference between values at P<0.05.   





















Figure 4.12. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 -type strain and E. coliΔtnaA grown in LB miller broth. Cultures were grown in 
Coplin jars containing two silicone discs at a) 25ºC, b) 30ºC and c) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs were collected and 
contents were removed via sterile swabs. Swabs were suspended in 10 mL saline and the contents used to generate selective agar plates the use of a spiral plater 
(Mean ±standard error, n = 36).  * between each histogram  indicate significant difference between values at P<0.05.   
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Figure 4.13. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 wild-type strain and E. coliΔtnaA grown in LB miller broth supplemented with 1 mM 
indole. Cultures were grown in Coplin jars containing two silicone discs at a) 25ºC, b) 30ºC and c) 37ºC over 3 days, with samples collected every 24 hours.  
Silicone discs were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL saline and the contents used to generate selective agar 






* * * 
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The addition of 1 mM indole at the start of the experiment to mixed-species cultures of E. 
coliΔtnaA and P. aeruginosa wild-type was found not to increase viability of this E. coli 
strain (fig. 4.13). An example of this was seen when using the incubation temperature of 37ºC 
that ensured a higher output of pyocyanin production. Recovery of E. coliΔtnaA  
was lower than viable cell recovery of E. coliΔtnaA within mixed-species biofilms without 
the addition of 1mM indole (fig. 4.12). E. coliΔtnaA exposed to 1 mM indole was reduced 
from 2.85 x 105 cfu at 24 hours to 5.1 x 101 cfu at 72 hours (fig.4.13) whereas under the same 
conditions, E. coliΔtnaA not exposed to 1mM indole was reduced from 7.22 x 105 cfu to 1.90 
x 102 cfu of E. coli within 72 hours (fig 4.12).  These findings contradict previous work that 
presented major differences between E. coli wild-type and E. coliΔtnaA viability in mixed-
species biofilms where within three days, the wild-type remained viable whereas E. 
coliΔtnaA died off, and that the addition of 1mM indole at the start of the experiment would 
increase the duration of viability of E. coliΔtnaA within mixed-species biofilms of P. 
aeruginosa PaO1 (Chu et al. 2011).   
 
The survivability of E. coli K-12 wild-type , E. coliΔoxyR (lacking in catalase) and E. 
coliΔsoxR (lacking in superoxide dismutase) (Chiang & Schellhorn 2012) mutants in the 
presence of increasing concentrations of pyocyanin was determined through measuring 
changes in turbidity as a marker of cell growth (Koch 1970; Kurachi 1958). Pyocyanin 
reduced viability in a dose-dependent manner among all three strains of E. coli however there 
was no discernible trend in terms of E. coli wild-type consistently displaying greater 
resistance to increasing pyocyanin concentrations than the mutant strains. The assay did 
however show that E. coli wild-type inoculated into LB miller broth media containing 25 µM 
pyocyanin for a period of 24 hours produced noticeably more biofilm than either of the 
mutant strains (fig 4.3).  
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This indicated that introduction into an environment already containing 25 µM of pyocyanin 
may be the threshold where producing these oxidative stress regulators protects the cell from 
oxidative damage. Concentrations exceeding 25 µM may negate any advantage produced by 
these regulators. As a result, it was of interest to look into whether the deletion of either oxyR 
or soxR would have any effect on survivability of E. coli in mixed-species biofilms with P. 
aeruginosa.    
 
Similar concentrations of viable cells of E. coliΔoxyR (fig. 4.14) and E. coliΔsoxR strains 
(fig. 4.15), grown with P. aeruginosa wild-type over 48-72 hours at 30ºC were seen when 
compared to mixed-species biofilms of E. coli and P. aeruginosa wild-type strains (fig. 4.10). 
For instance, within 72 hours viable E. coliΔoxyR and E. coliΔsoxR, grown with wild-type P. 
aeruginosa PaO1 produced concentrations of 1.08 x 103 cfu and 4.53 x 103 cfu, respectively. 
The concentration of recovered wild-type E. coli at this temperature when grown with wild-
type P. aeruginosa PaO1 was 5.50 x 104 cfu (fig.4.10).  At 37ºC, E. coliΔoxyR grown with 
wild-type P. aeruginosa did consistently have lower levels of recovery of viable cells 
compared to the wild-type, with a difference of an entire log factor between the two strains of 
E. coli. For instance, at 24 hours E. coli wild-type retained within mixed-species biofilms was 
8.36 x 105 cfu whereas E. coliΔoxyR was 2.49 x 104 (fig. 4.14).     
 
Within mixed-species biofilms of E. coliΔoxyR and P. aeruginosa PaO1 wild-type however, 
the concentration of viable P. aeruginosa retained was also reduced when compared to the 
amount of cells retained when P. aeruginosa was grown in mixed-species biofilms with E. 
coli wild-type (fig. 4.10). For instance, P. aeruginosa in mixed-species biofilms with wild-
type E. coli at 37ºC for 72 hours was 3.11 x 105 cfu whereas P. aeruginosa in mixed-species 
biofilms with E. coliΔoxyR was 6.91 x 103. This may then be a case of lower levels of overall 
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growth during those experiments than E. coliΔoxyR having a deficiency in synthesis of 
proteins and enzymes such as catalase to negate the effects of pyocyanin accumulation.  






Figure 4.14. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 wild-type strain and 
E. coliΔoxyR grown in LB miller broth. Cultures were grown in Coplin jars containing two silicone 
discs at a) 30ºC and b) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs 
were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL 
saline and the contents used to generate selective agar plates the use of a spiral plater (Mean 
±standard error, n = 36).  * between each histogram  indicate significant difference between values 
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Figure 4.15. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 wild-type strain and 
E. coliΔsoxR grown in LB miller broth. Cultures were grown in Coplin jars containing two silicone 
discs at a) 30ºC and b) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs 
were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL 
saline and the contents used to generate selective agar plates the use of a spiral plater (Mean 
±standard error, n = 36).  * between each histogram  indicate significant difference between values 
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In relation to P. aeruginosa grown with E. coliΔsoxR at 37ºC (fig. 4.15), viable cell recovery 
at 48 hours and onwards was on average less than cell recovery of wild-type E. coli when 
grown alongside P. aeruginosa PaO1 (fig 4.10) however the recovery of E. coliΔsoxR was 
comparable to that of E. coliΔtnaA supplemented with 1 mM indole in mixed-species 
biofilms of P. aeruginosa. For instance, viability of the soxR mutant strain started at 5.54 x 
105 and concluded at 4.44 x 101 (fig. 4.15) whereas viability of the tnaA mutant strain with 1 
mM indole supplemented began at 2.85 x 105 and concluded at 5.19 x 101 (fig 4.13). As what 
was seen with use of the oxyR mutant strain and other E. coli strains, reducing the 
temperature to 30ºC increased retention of E. coli viable cells. Cultivation of mixed-species 
biofilms containing these two oxidative-stress mutants and P. aeruginosa ΔlasI/RΔrhlI/R at 
30ºC and 37ºC (fig. 4.16-4.17) noticeably increased viability of these two E. coli strains, 
similar to what was seen when using wild-type E. coli and P. aeruginosa ΔlasI/RΔrhlI/R.  
 
Loss of oxidative-stress regulator proteins did reduce the competitiveness of E. coli with P. 
aeruginosa PaO1 to an extent however the mutant strains of E. coli were still able to survive 
within mixed-species biofilms up to 72 hours with continual exposure to pyocyanin produced 
by P. aeruginosa PaO1 (fig. 4.14-4.15). These figures also showed that reductions in E. coli 
viability were much more pronounced when the temperature was increased from 30ºC to 
37ºC. Furthermore the incubation temperature and loss of oxidative stress receptors had no 
impact on E. coli viability when P. aeruginosa was unable to produce AHL and hence, 
antagonistic factors such as pyocyanin (fig. 4.16-4.17).  
       
Analysis of cell growth/biofilm formation of E. coliΔoxyR and E. coliΔsoxR, exposed to pure 
pyocyanin (fig. 4.1-4.2) or to pyocyanin produced by P. aeruginosa PaO1 (fig. 4.14-4.15) 
produced similar results when compared to E. coli wild-type. This may be resultant from the 
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durations used in this study where consistent exposure to metabolites that oxidise protein 
compounds such as NADPH to produce reactive oxygen species (Hassett et al. 1992) may 
eventually overpower the positive effects induced by these regulator proteins that produce a 
multitude of proteins and enzymes when E. coli and other bacteria are exposed to reactive 
oxygen species to aid in survival (Chiang & Schellhorn 2012). The differences in 
survivability of E. coli wild-type and the strains deficient in oxidative-stress regulator 
production may be more pronounced by analysing recovery of E. coli in mixed-species 
biofilms through abstracting measurements at smaller increments of time.     
 
4.5-  General Discussion 
 
E. coli and P. aeruginosa are two bacteria that are commonly known to exist within warm-
blooded mammals (Duncan et al. 1999). These bacteria are known for the potential of being 
highly infectious, given if the organisms are at a suitable infection dosage and/or the host has 
a weakened immune system. Infections via these organisms occur commonly within 
hospitals, given the high concentration of immunocomprimised patients within an enclosed 
area that is exposed to contaminants on a consistent basis (Jarvis & Martone 1992; Peleg & 
Hooper 2010). Furthermore as contraction of these infections occurs via contaminated 
surfaces, these organisms have the ability to exist outside their desired hosts in the form of 
biofilms to potentially infect multiple people and further the spread of infection (Donlan, 





Figure 4.16. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 ΔlasI/RΔrhlI/R and 
E. coliΔoxyR grown in LB miller broth. Cultures were grown in Coplin jars containing two silicone 
discs at a) 30ºC and b) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs 
were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL 
saline and the contents used to generate selective agar plates the use of a spiral plater (Mean 
±standard error, n = 36).  * between each histogram  indicate significant difference between values 














































Figure 4.17. Viable cell recovery of mixed-species biofilm cultures of P. aeruginosa PaO1 ΔlasI/RΔrhlI/R and 
E. coliΔsoxR grown in LB miller broth. Cultures were grown in Coplin jars containing two silicone 
discs at a) 30ºC and b) 37ºC over 3 days, with samples collected every 24 hours.  Silicone discs 
were collected and contents were removed via sterile swabs. Swabs were suspended in 10 mL 
saline and the contents used to generate selective agar plates the use of a spiral plater (Mean 
±standard error, n = 36).  * between each histogram  indicate significant difference between values 










































Previous work has shown that E. coli and P. aeruginosa have been able to form dual-species 
biofilms and that under certain conditions, mixed-species biofilm formation was found to be 
beneficial to survival of either one or both bacteria. For instance P. aeruginosa facilitated 
attachment of E. coli to glass surfaces exposed to a stream of liquid growth media (Klayman 
et al. 2009; Liu & Li 2007) while it was shown that more biomass was produced by P. 
aeruginosa when exposed to culture effluent of E. coli (Lopes, Machado & Pereira 2011) and 
alongside E. coli within mixed-species biofilms than in single-species biofilms (Kuznetsova 
et al. 2013). It was also shown that more P. aeruginosa were retained on abiotic surfaces in 
mixed-species biofilms of P. aeruginosa and E. coli than in single-species biofilms 
(Cerqueira et al. 2013).  
 
Furthermore, while some found that mixed-species biofilms had no effect on increasing 
resistance to antimicrobials (Machado et al. 2012), others did find increased resistance to 
antimicrobials by P. aeruginosa and E. coli in mixed-species biofilms as opposed to single-
species biofilms (Al-Hmoud et al. 2013). This indicates that it may be beneficial for the 
survival of P. aeruginosa and E. coli outside of a suitable reservoir to exist in mixed-species 
biofilms rather than as single-species biofilms.          
 
As these two organisms produce signalling molecules that alter their own gene expression, 
long exposure to these signalling molecules has shown that E. coli and P. aeruginosa have 
reacted to the signalling molecules produced by the opposing bacterium (Lee, Jintae et al. 
2009a; Lee, Jintae, Jayaraman & Wood 2007b; Lee, J. et al. 2009b).       
 
Indole, a by-product of E. coli utilising tryptophan as a carbon source has been shown to have 
numerous effects upon E. coli however the effects of indole have often been disputed. For 
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example it has been shown that the addition of indole reduced expression of genes related to 
acid resistance and decreased E. coli viability in an acidic environment(Lee, Jintae, 
Jayaraman & Wood 2007b) however later work disputed that claim and determined that 
additional indole increased the likelihood of E. coli existing in acidic conditions (Hirakawa et 
al. 2010).  
 
The response of E. coli biofilm formation to indole has been consistent with previous studies 
where increasing concentrations of indole resulted in reduced biofilm. The process on how 
this occurs has been disputed as it had previously been speculated that reductions in biofilm 
formation of E. coli, which is significantly more pronounced at 30ºC when compared to 37ºC, 
had occurred through the SdiA receptor (Lee, Jintae, Jayaraman & Wood 2007b; Lee, J. et al. 
2009b; Lee, Jintae et al. 2008). Later works however determined that loss of the SdiA 
receptor did not prevent reductions in biofilm formation through indole exposure, to the 
extent where the receptor was unresponsive to indole (Sabag-Daigle et al. 2012).  
 
The SdiA receptor is known to detect n-acyl homoserine lactones whereby it becomes 
stabilised upon binding. It has been theorised that this receptor binds these homoserine 
lactones to detect the presence of other microorganisms (Yao et al. 2006). The interactions 
between SdiA proteins and AHL molecules have been shown to enhance binary fission and 
increase acid resistance while reducing biofilm formation (Lee, Jintae, Jayaraman & Wood 
2007b; Van Houdt et al. 2006). It was determined that while some found that loss of SdiA 
receptor proteins prevented reductions in biofilm formation when E. coli was exposed to 
AHL molecules (Lee, Jintae, Jayaraman & Wood 2007b; Lee, J. et al. 2009b), others found 
that AHL molecules had no significant impact on E. coli biofilm formation. It was also 
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shown that the presence of the SdiA receptor had no significant relevance as to AHL 
affecting biofilm formation of E. coli (Sabag-Daigle et al. 2012).  
 
The results garnered with this thesis are consistent with the consensus that while indole did 
decrease biofilm formation within E. coli in a dose-dependent manner, n-acyl homoserine 
lactones such as C4-HSL failed to definitively affect biofilm formation, regardless of the 
presence of the SdiA receptor. The results within this thesis also support the notion that while 
increased biofilm formation occurred by E. coli upon removal of the sdiA coding sequence, 
SdiA was not the regulator that reduced biofilm formation when E. coli was exposed to 
indole.      
 
C4-HSL failing to definitely affect biofilm formation may have resulted from the presence of 
indole as it was shown that indole reduced interactions between the SdiA receptor and AHL 
molecules (Sabag-Daigle et al. 2012). This may warrant testing of E. coliΔtnaA in the 
presence of varying concentrations of C4-HSL to determine whether the removal of indole 
from biofilm cultures of E. coli would increase the likelihood of C4-HSL negatively 
regulating biofilm formation. Previous work had determined that addition of 1 µM 3-oxo-C6-
HSL had no effect on biofilm formation of the E. coliΔtnaA mutant strain (Sabag-Daigle et 
al. 2012) however an affect may be seen with stronger concentrations of AHL.            
  
In order for E. coli to exist within the same ecosystem as P. aeruginosa, it would have to 
overcome synthesis of antagonistic secondary metabolites (Duncan et al. 1999; Hassett et al. 
1992). One such metabolite is pyocyanin, a blue-green phenazine compound that is known to 
auto-oxidise in the presence of reductants such as NADPH/NADH (O'Malley et al. 2004; 
Rada, Balázs & Leto 2013). This leads to the generation of toxic oxygen species such as 
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superoxide dismutase and hydrogen peroxide, which has been shown to reduce E. coli 
viability (Hassett et al. 1992; Schellhorn et al. 1989). 
 
Exposure of P. aeruginosa to indole was thought to decrease virulence factor production by 
way of affecting the mexI-ompD operon expression through mvfR/pqsR (Lee, Jintae et al. 
2009a) and while reduced expression of this operon had been shown to reduce levels of C4-
HSL and 3-oxo-C-12-HSL (Aendekerk et al. 2005), others found no effect on levels of AHL 
but rather a reduced level of PQS production had led to lower levels of interaction between 
PQS and RhlR. As a result, this translated into lower activation of genes regulated 
predominately by RhlR. This includes many virulence-related genes, including pyocyanin. 
(Lee, Jintae et al. 2009a). As reduced PQS production had led to significant reductions in 
pyocyanin production (Déziel et al. 2004), the reduction in expression of the mexI-ompD 
operon may have led to reduced PQS concentrations, which in turn reduced RhlR activity, 
decreasing activation of RhlI/R related-genes (Lee, Jintae et al. 2009a).  
 
Furthermore it was shown that P. aeruginosa cultured with E. coli in both planktonic and 
biofilm cultures produced less pyocyanin than single-species cultures (Chu et al. 2011; 
Kuznetsova et al. 2013). This was shown to transition to E. coli viability within dual-species 
biofilms where viability of indole-producing E. coli was significantly enhanced when 
compared to that of indole-deficient E. coli (Chu et al. 2011). 
 
The results however derived within this thesis determined that the presence of indole 
seemingly had no impact on pyocyanin production and E. coli viability. For instance, within a 
24 hour period, P. aeruginosa PaO1 grown within Coplin Jars at 37ºC produced more 
pyocyanin in the presence of 1 mM indole than P. aeruginosa PaO1 not exposed to indole. It 
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was seen however that at 37ºC, P. aeruginosa grown with E. coli wild-type strain and E. 
coliΔtnaA supplemented with 1 mM indole did produce less pyocyanin than the single-
species culture over a 24-48 hour period. This was further explored by culturing P. 
aeruginosa and E. coli within conical flasks and comparing pyocyanin levels to singular 
cultures of P. aeruginosa. Within conical flasks, pyocyanin production significantly 
increased when E. coli was introduced into liquid cultures of P. aeruginosa. 
 
The effects of indole were then further tested to determine differences in cell viability of 
wild-type E. coli and an E. coli strain that was deficient in indole synthesis, within mixed-
species biofilms containing P. aeruginosa PaO1. The results had determined that while there 
were slight differences in growth between indole producing and indole deficient strains of E. 
coli when grown with P. aeruginosa PaO1, the differences in growth were negligible. The 
results within this thesis had determined that the impact of indole was not conclusive enough 
to suggest that indole had a significant effect on modulating virulence factor production of P. 
aeruginosa to increase E. coli survivability.   
 
The lack of substantial findings with the use of cell-signalling molecules to modulate biofilm 
formation and other cellular processes of the opposing bacteria precipitated a shift in focus 
from the impact of cell signalling on biofilm formation of mixed-species biofilms to analysis 
of another external factor that produced very dramatic results.    
 
It has been previously demonstrated that E. coli and P. aeruginosa exhibit a change in gene 
expression when exposed to changes in temperatures. For instance, reductions in motility-
related genes and increases in genes related to biofilm formation occurred when E. coli were 
exposed to 30ºC as opposed to 37ºC. This translated to significant increases in biofilm 
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formation within E. coli (Lee, Jintae et al. 2008). Using a crystal violet biofilm assay and a 
motility plate assay within this thesis, E. coli were found to be more motile and produced less 
biofilm at 37ºC whereas at 30ºC, E. coli were less motile and produced more biofilm at 30ºC.  
 
Changes in temperature also correlated to changes in gene expression within P. aeruginosa. 
For instance, the type-III secretion system (T3SS) in P. aeruginosa strains is a collection of 
genes designed to assist in infection of epithelial cells. This includes synthesis of protein 
structures that originate in the bacterial cytosol to create a channel through the outer-
membrane of P. aeruginosa to penetrate the cellular membrane of epithelial cells and 
transmit a variety of proteins and enzyme complexes i.e. ExoU is a phospholipase that 
cleaves bonds of phospholipid structures, leading to rapid cellular apoptosis (Hauser 2009).   
It was found that many of the compounds that would be secreted into the host epithelium via 
the P. aeruginosa type-III secretion system were expressed at 37ºC rather than 28ºC (Wurtzel 
et al. 2012). 
 
Reductions in temperature have also led to reductions of pyocyanin, a phenazine compound 
and virulence factor. Pyocyanin production is induced heavily under the las/rhl quorum-
sensing systems, especially rhl which is controlled via the las quorum-sensing system and is 
responsible for inducing phzM transcription. The gene phzM codes for an enzyme that 
methylates phenazine-1-carboxlyic acid into 5-methylphenazine-1-carboxylic acid betaine, an 
intermediate that is decarboxylated to produce pyocyanin (Parsons et al. 2007). This occurs 
to a greater extent at 37ºC as opposed to lower temperatures. It was then asserted that 
increased production of quorum-sensing signals and the corresponding regulator proteins 
occurs at 37ºC as opposed to lower temperatures to induce virulence factor 
production.(Huang et al. 2009; Wurtzel et al. 2012).  
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The effects of incubation temperature on pyocyanin production of P. aeruginosa PaO1 were 
seen within this thesis as a higher level of pigment production was achieved using an 
incubation temperature of 37ºC as opposed to 30ºC, with an even greater reduction occurring 
at 25ºC.  
 
PQS is a signalling molecule shown to be an intermediate between the las and rhl quorum 
sensing systems and is responsible for increases in interactions between RhlR and the product 
of rhlI, C4-HSL. This increases transcription of genes that are under the influence of RhlI/R, 
including pyocyanin (McKnight, Iglewski & Pesci 2000). Reductions in PQS production 
have been connected to losses in pyocyanin (Diggle et al. 2003). Reduced PQS synthesis has 
resulted through lowering the temperature from 37ºC to 28ºC (Wurtzel et al. 2012). 
Furthermore, reductions in both pyocyanin and PQS have correlated with losses in LasI/R 
where reductions in temperature led to reductions in transcription. This resulted in lower 
levels of transcription of genes that are activated by the las/rhl quorum-sensing signals 
(Huang et al. 2009; Wurtzel et al. 2012).  
 
The gene ptsP codes for a phosphoenolpyruvate-protein phosphotransferase, also referred to 
as Enzyme INtr. This enzyme has been shown to induce expression of qscR, known for 
reducing expression of pyocyanin by reducing expression of lasI. A strain of P. aeruginosa 
with no functional ptsP produced greater concentrations of pyocyanin compared to the wild-
type (Xu et al. 2005). 
 
This was similar to work analysing the effects of QscR on pyocyanin production (Chugani et 
al. 2001). Upon analysis of transcription of genes that would theoretically be influenced by 
ptsP expression, it was determined that the absence of the ptsP coding sequence resulted in 
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significant induction of rhlI and lasI whereas induction of qscR was significantly reduced (Xu 
et al. 2005). Reductions of pyocyanin through QscR may occur through binding to the 
promoter region of phz genes, considering that qscR is located upstream of phzA2-G2 
(Ledgham et al. 2003) however this may also occur through interference with the las/rhl 
quorum-sensing systems (Chugani et al. 2001; Ledgham et al. 2003).           
 
Transcription of ptsP/qscR correlated with changes in temperature where transcription 
increased as the temperature was reduced from 37ºC to 28ºC. This indicated that lowering the 
temperature of an environment containing P. aeruginosa PaO1 would reduce lasI/R and by 
proxy, rhlI/R transcription while increasing ptsP expression to reduce phzM transcription and 
hence, reduce pyocyanin production (Huang et al. 2009).  
 
This is an indicator of how temperature tends to effect virulence production in P. aeruginosa. 
Genes that enhance the ability of these species of bacteria to infect and colonise a host 
organism are heavily induced at 37ºC, the temperature of warm-blooded mammals and the 
optimal growth temperature for P. aeruginosa. At lower temperatures, induction of virulence-
related genes are reduced (Wurtzel et al. 2012). The rationale being that many organisms 
would need to conserve energy and resources when in an environment that is not optimal for 
proliferation of the organism. Energy and resources i.e. nutrients would be wasted on 
induction of genes related to virulence production as they would provide no benefit for the 
organism if it is not in an environment where it could utilise those virulence factors (Konkel 
& Tilly 2000).   
 
Reductions in incubation temperature were shown to have a strong influence on mixed-
species biofilms. As the incubation temperature was reduced from 37ºC to 30ºC and then to 
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25ºC, pyocyanin concentrations decreased and E. coli biofilm production increased.  This led 
to an increase in the amount of viable E. coli that were able to survive alongside P. 
aeruginosa. 
 
The differences in E. coli viability within mixed-species biofilms, grown at the three 
incubation temperatures were noticeably more pronounced from 48 hours and onwards. This 
difference of E. coli viability correlated with increases in pyocyanin concentrations, where 
pyocyanin tended to accumulate at greater concentrations at 37ºC as opposed to the lower 
temperatures used in this study. The effects of pyocyanin in relation to temperature were 
further tested utilising a P. aeruginosa PaO1 mutant strain that was unable to produce n-acyl 
homoserine lactones and their respective receptor proteins within mixed-species biofilms 
alongside E. coli. As losses in these homoserine lactone led to losses in pyocyanin 
production, cultivation of these mixed-species biofilms resulted in large increases in E. coli 
when compared to E. coli concentrations in mixed-species biofilms containing wild-type P. 
aeruginosa.  
 
What has been demonstrated within this thesis is that while cell-signalling can have an effect 
on single-species biofilm formation, it tends to have little effect on dual-species biofilms 
other than the lack of homoserine lactone within P. aeruginosa limiting production of 
virulence factors like pyocyanin that negatively impact E. coli. This effect was then seen in 
mixed-species biofilms by reducing the temperature rather than genetic modification. 
Lowering the temperature led to reductions in virulence factor production by P. aeruginosa, 
which then increased the likelihood that E. coli were able to survive within these mixed-
species biofilms for an extended period of time. This indicates that the survivability of 
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mixed-species biofilms between P. aeruginosa and another species can rely on external 
factors such as the environmental temperature.     




Chapter 5- Concluding remarks 
  
The ability of P. aeruginosa to produce antagonistic agents like pyocyanin is imperative for 
invasion of a human host (Rada, Balázs & Leto 2013) and for competing with other 
microorganisms (Hassett et al. 1992). As it has been shown that P. aeruginosa produces less 
pyocyanin at lower temperatures (Wurtzel et al. 2012), which does have an impact on the 
survivability of E. coli within these mixed-species biofilms, and that E. coli are more likely to 
exist in a biofilm state rather than a planktonic state at temperatures lower than 37ºC (Lee, 
Jintae et al. 2008) then it is highly possible that mixed-species biofilms would have a greater 
chance of existing in areas outside of a human host that are exposed to temperatures lower 
than conditions found within the human body. This may then be a concern when having to 
deal with removal of these pathogens from areas that could potentially affect a sizeable 
population, especially considering that P. aeruginosa have been shown to have a higher 
concentration of viable cells retained in mixed-species biofilms as opposed to single-species 
biofilm (Cerqueira et al. 2013) and that mixed-species biofilms of P. aeruginosa and E. coli 
have, in some instances, were shown to be more resistant to antimicrobials (Al-Hmoud et al. 
2013).      
 
That being said, while it is true that biofilms may exist as static cultures and that within static 
cultures it was shown that over time P. aeruginosa produce increasing concentrations of 
pyocyanin to reduce the number of viable E. coli, there is a strong probability that 
single/mixed-species biofilms will exist within areas that are subjected to turbulent streams of 
liquid. As a result, the dynamics between E. coli and P. aeruginosa exposed to differing 
temperatures may produce different results from what has been shown within batch cultures. 
The use of a different culturing system that enables a constant nutrient/effluent flow will 
173 
 
provide further insight into these mixed-species biofilms. Furthermore, visualisation of 
individual E. coli and P. aeruginosa within mixed-species biofilms is possible with the use of 
fluorescent/confocal microscopy with bacteria modified to produce fluorescent proteins with 
differing emission wavelengths. This would provide not only the total count of microbes with 
these biofilms but also can be used to determine the spatial relationship of E. coli and P. 
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